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Bryophytes, though relatively understudied, are an important and diverse component of
ecosystems with around 20 000 extant species. Three plant phyla make up bryophytes: liverworts
(Marchantiophyta), mosses (Bryophyta) and hornworts (Anthocerophyta). The bryophyte life-
cycle is unique among land plants for having a dominant gametophyte generation, a characteristic
possibly retained from the first plant land-colonisers. Because of bryophytes’ small size, their
ecophysiology is particular and different to most other land plants, with moisture availability
being a limiting factor for many species. Included in this, is the mechanism of desiccation
tolerance (DT), which is almost exclusively found in bryophytes. Desiccation tolerance together
with a small size means that bryophytes can occupy harsh habitats and substrates that are not
available to most plants as they have the ability to efficiently utilise water in the form of water
vapour. Bryophytes are therefore highly dependent on microclimate and consequently, have a
high affinity to particular microhabitats. In forests, bryophyte reliance on microclimate and
microhabitats make bryophytes particularly susceptible to disturbances due to a decrease in
humidity and increase in insolation often associated with forest degradation. Bryophytes also
have varying degrees of desiccation tolerance which means bryophytes will respond differently to
forest degradation.

Tropical humid forests are one of the richest ecosystems but also, historically, one of the least
protected. Currently, it is estimated that more than 50% of all tropical habitats are degraded.
Madagascar is highly regarded for being a “biodiversity and endemism hotspot” but is also known
for the significant human threats to its ecosystems. The level of threat makes conservation of
biodiversity both necessary and urgent and so quick, cost-effective and reliable methods that
measure biodiversity responses to forest degradation are vital; one such method is the use of
indicators. Indicators can be taxa, groups of taxa or abiotic characteristics. This study investigates
the potential of using bryophytes as indicators of forest degradation based on their morphological
and life-history traits and how these traits affect their environmental preferences.

A bryophyte trait database was created for 1430 taxa, 51 morphological and reproduction traits,
five environmental traits, 13 ecological and distribution traits and three conservation traits. It is
the largest bryophyte trait database to date, and is also novel in that it includes Malagasy
bryophytes. Portuguese bryophytes were also included to inform on Malagasy species, for which
data is scarce. Studies have found that it is possible to extrapolate bryophyte data from one
region to another due to the high dispersal ability of bryophytes resulting in species, genera and
families common to both regions. In the specific case of Madagascar and Portugal, 34% of
Malagasy genera and 64% of Malagasy families are found in Portugal.

Many traits were found to affect species’ environmental preferences from large-scale traits such
as life-form and plant size to cell shape and spore size. Importantly, analyses conducted on
Malagasy and Portuguese species individually showed that their traits have comparable responses
to environmental preferences thus confirming that results from Portuguese species can indeed be
used to extrapolate to tropical ones. Two trait profiles that characterise species of dry and
exposed habitats, and species of humid and sheltered habitats were identified and used to assign
species an indicator value. This methodology allowed the inclusion of species with missing trait
data, which was the majority of Malagasy species.



Species, genera and families were identified that indicate particular environmental conditions.
Species that indicate humid and sheltered conditions are those that have open life-forms and are
large. Most epiphytic species are indicators of drier and more exposed conditions. The indicator
index created therefore reflects the different responses of bryophyte species. These findings were
validated with sampling of bryophytes in a lowland humid forest, in southeastern Madagascar,
along a gradient of degradation. Two metrics were used to quantify degradation: a categorical
one of four classes of forest degradation and non-forest (cleared forest for shifting cultivation)
and an index based on various disturbance variables. This showed that using a finer-scale of
degradation provided greater insight into the response of bryophytes to varying degrees of
degradation.

Bryophytes have potential as indicators, and the IV metric created here needs further
refinements. An important finding was that certain bryophyte traits (e.g. life-form) respond
predictably to environmental conditions and forest degradation. These traits could therefore be
used as a quick, simple and cost-efficient measure of forest degradation.
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FIGURE 1.1 EARLY ILLUSTRATIONS OF BRYOPHYTES: LEFT — A LIVERWORT, LICHEN DOMESTICUS MINOR (NOW MARCHANTIA
POLYMORPHA L.) FROM DILLENIUS’S HISTORIA MUSCORUM (1741), PLATE LXXVII; RIGHT — A MOSS, BRYUM
DICHOTOMUM HEDW., FROM HEDWIG'S SPECIES MIUSCORUM FRONDOSUM (1801), PLATE XLII. IMAGES FROM THE
BIODIVERSITY HERITAGE LIBRARY — DIGITISED BY THE BIBLIOTECA DIGITAL DEL REAL JARDIN BOTANICO DE MADRID. ........ 4

FIGURE 1.2 NUMBER OF NEW LIVERWORT AND MOSS SPECIES DESCRIBED GLOBALLY OVER THE LAST 250 YEARS SHOWING HOW
THE NUMBER OF SPECIES DISCOVERED DIFFERS GREATLY BETWEEN YEARS. THE TOTAL MOSS SPECIES DESCRIBED OVER TIME
(DOTTED LINE) INDICATES THAT THERE HAS BEEN A SLOWING RATE OF DISCOVERY SINCE THE MID-19" CENTURY.
(LIVERWORT DATA REDRAWN FROM SODERSTROM ET AL., 2016, FIG. 2, P. 7; MOSS DATA REDRAWN FROM MAGILL, 2010,
FIG. 3, P. 70 ciiiiiiiieiiiiieiie e e ettt e e et eee et e e e e e e et —— e et e e e se et ———taae e e e e —b—a—aaeeeeaaa bbb aataaeeeaantrarbaaeeeeeannarrres 5

FIGURE 1.3 CHANGE IN AMOUNT OF BRYOPHYTE SPECIES DESCRIBED GLOBALLY OVER THE LAST 250 YEARS BETWEEN BASELINE
PUBLICATIONS AND NOW. LEFT: PERCENTAGE COMPOSITION BY BRYOPHYTE PHYLA WITH SPECIES NUMBERS IN EACH PHYLA;
RIGHT: NUMBERS OF SPECIES DESCRIBED PER PHYLA WITH TOTAL SPECIES KNOWN AT TOP OF BARS. (DATA COMPILED FROM
LINNAEUS, 1753; HEDWIG, 1801; CROSBY ET AL., 1999; SODERSTROM ET AL., 2016)...uuvveereeeeiieririreeeeeeeienrreeeene. 5

FIGURE 1.4 (NEXT PAGE) LIVERWORT (A) AND MOSS (B) SPECIES RICHNESS PER COUNTRY SHOWING THEIR PRESENCE IN EVERY
CONTINENT ON EARTH. (C) SHOWS VASCULAR PLANT SPECIES RICHNESS FOR COMPARISON OF REGIONAL DIVERSITY LEVELS.
UNITS: (A) AND (B) SPECIES RICHNESS PER GEO-POLITICAL UNIT, (C) SPECIES RICHNESS PER 10 000 Kkv?. ((A) TAKEN FROM
VON KONRAT ET AL., 2008, FIG. 2 P. 97; (B) FROM GEFFERT ET AL., 2013, FIG. 1, P. 4; AND (C) FROM MUTKE &
BARTHLOTT, 2005, FIG. 3 P. 525.) 1iiiiiiieiiirieiieeeieiiitteeteeeeeetettareeeeeeeeeesastbareeeeeeesassbssaeeeeessaasssrareeeeeeesanssreseeeees 7

FIGURE 1.5 MAIN STAGES OF THE BRYOPHYTE LIFE CYCLE. MOST OF A BRYOPHYTE'S LIFE CYCLE IS SPENT IN THE GAMETOPHYTE
STAGE (HAPLOID - 1N) THAT BEGINS WHEN SPORES ARE PRODUCED. SPORES DEVELOP INTO PROTONEMA AND
SUBSEQUENTLY INTO THE GAMETOPHYTE PLANT. THE PLANT THEN PRODUCES GAMETES: EGG IN ARCHEGONIA AND/OR
SPERM IN ANTHERIDIA, HENCE THE TERM GAMETOPHYTE. AFTER FERTILIZATION THE SPOROPHYTE GENERATION (DIPLOID —
2N) BEGINS WITH THE ZYGOTE, WHICH DEVELOPS INTO SPORANGIA HELD WITHIN A CAPSULE. FOLLOWING MEIOSIS IN THE
SPORANGIA, MATURE SPORES ARE RELEASED BEGINNING THE CYCLE AGAIN. SOURCE: SARAH STOW ......cevvererinierenneenen. 10

FIGURE 1.6 ORGANISATION OF SEX ORGANS IN MOSSES. DIOICOUS SPECIES HAVE INDIVIDUAL FEMALE AND MALE PLANTS.
MONOICOUS SPECIES HAVE FEMALE AND MALE ORGANS ON THE SAME PLANT, IN ONE OF THREE CONFIGURATIONS: AUTOICY,
PAROICY OR SYNOICY. (TAKEN FROM VANDERPOORTEN & GOFFINET, 2009, FIG. 4.12, P. 86.) w.eeeeeveverrrrreeeeeeieennnnes 10

FIGURE 1.7 ORIGIN OF THE BRYOPHYTE DIVISIONS AND MAJOR TERRESTRIAL PLANT GROUPS ACCORDING TO LATEST RESEARCH. THE
ORIGIN OF WELL-KNOWN ANIMALS IS SHOWN FOR REFERENCE. NUMBERS INDICATE MILLIONS OF YEARS AGO. THE TERM
“ANCESTOR” REFERS TO EARLIEST KNOWN FOSSILS WITH AFFINITIES TO A BRYOPHYTE GROUP. (ANIMAL DATA COMPILED
FROM JOHANSON ET AL., 2006; BRYOPHYTE AND VASCULAR DATA COMPILED FROM CRANDALL-STOTLER ET AL., 2009;
VILLARREAL ET AL., 2010; BRUSATTE ET AL., 2010; SHAW ETAL., 2011; LIGRONE ET AL., 2012. BENTON, 2014;

CHATTERIEE, 2015; SUES, 2016) SOURCE: SARAH STOW....uuureriieeeeeiiirureeeeeeeeieiinreeeeeseeessisrssesesesesesssrssseesseennns 11
FIGURE 1.8 NUMBER OF PHYLOGENIES AND PHYLOGENY TOPOLOGY (A, B, C, D, E, F, G) IN RESEARCH PAPERS OVER THE LAST 30
YEARS. FOR PHYLOGENETIC CLADOGRAMS SEE CORRESPONDING LETTER IN FIGURE 1.9, ...uuiiiiieiiiciee e, 12

FIGURE 1.9 THE VARIOUS PROPOSED TOPOLOGIES OF EARLY LAND PLANT PHYLOGENIES. (A) BRYOPHYTES ARE MONOPHYLETIC AND
THE SISTER GROUP TO TRACHEOPHYTES. (B) PARAPHYLETIC BRYOPHYTE ASSEMBLAGE WHERE MOSSES ARE THE SISTER
LINEAGE TO TRACHEOPHYTES AND HORNWORTS ARE THE EARLIEST DIVERGENT LAND PLANTS (BASAL). (C) PARAPHYLETIC
BRYOPHYTE ASSEMBLAGE WITH HORNWORTS AS THE SISTER LINEAGE TO TRACHEOPHYTES AND LIVERWORTS BASAL; THIS IS
THE CURRENTLY ACCEPTED PHYLOGENETIC RELATIONSHIP. (D) PARAPHYLETIC BRYOPHYTE ASSEMBLAGE WITH LIVERWORTS AS
THE SISTER LINEAGE TO TRACHEOPHYTES AND HORNWORTS BASAL. (E) PARAPHYLETIC BRYOPHYTE ASSEMBLAGE WITH
MOSSES AS THE SISTER LINEAGE TO TRACHEOPHYTES AND LIVERWORTS BASAL. (F) LIVERWORTS AND MOSSES ARE A
MONOPHYLETIC SISTER CLADE TO TRACHEOPHYTES AND HORNWORTS ARE BASAL. (G) PARAPHYLETIC BRYOPHYTE
ASSEMBLAGE WITH HORNWORTS AS THE SISTER LINEAGE TO TRACHEOPHYTES AND MOSSES BASAL. FOR INFORMATION ON
DATA TYPES USED TO CONSTRUCT THE PHYLOGENIES AND RESEARCH PAPERS SEE TABLE 1.12, P. 48, APPENDIX 1. (ADAPTED
FROM: GOFFINET, 2000, FIG. 4.1, P. 136; VILLARREAL & RENZAGLIA, 2015, FIG. 1, P. 158.) cecvvviieiicirrrieeeeeeeennnnes 13

FIGURE 1.10 SIMILARITIES AND DIFFERENCES IN SOME KEY CHARACTERISTICS BETWEEN THE THREE BRYOPHYTE PHYLA. (COMPILED
FROM: VANDERPOORTEN AND GOFFINET 2009; CRANDALL-STOTLER, STOTLER AND LONG 2009; GOFFINET, BUCK AND
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Rationale

Tropical humid forests are one of the richest ecosystems but also, historically, one of the least
protected (Myers, 1981). In 1980, between 200 000 km? to 250 000 km? of tropical humid forests
was estimated to have been degraded per year (Myers, 1981). Currently, it is estimated that more
than 50% of all tropical habitats are degraded (Struebig et al., 2013). Madagascar is highly
regarded for being a “biodiversity and endemism hotspot” (Mittermeier et al., 1998; Myers et al.,
2000; Ganzhorn et al., 2001) but is also known for the significant human threats to its ecosystems
(Gardner, 2011). The level of threat makes conservation of biodiversity both necessary and urgent
and so quick, cost-effective and realiable methods that measure biodiversity responses to forest
degradation are vital; one such method is the use of indicators. Indicators can be taxa, groups of
taxa or abiotic characteristics. This study investigates the potential of using bryophytes as
indicators of forest degradation. Bryophytes, commonly known as mosses, though relatively
understudied and physically small, are an important and diverse component of ecosystems with
around 20 000 extant species. Their small stature means they are sensitive to changes in
microclimate and so could readily indicate any disturbances in a forest.

The level of threat in bryophytes varies between countries and regions, but for areas that have
undertaken complete Red List assessments of the bryoflora, it has been found that a large
proportion of bryophytes are at risk of extinction. Although many bryophyte species are
inherently rare locally, extrinsic threats are numerous: habitat loss and degradation, pollution (air,
water, soil), invasive species, fire and forest management practices. The status of knowledge on
bryophytes is generally poor, with a large disparity between temperate and tropical areas,
although there has been a recent small but marked increase in tropical bryology research. One of
the main focuses of bryophyte conservation is improving the knowledge on bryophytes so that
effective management policies and actions can be put into place. This study will focus on the
bryoflora of Madagascar, which is understudied but likely highly threatened given the overall
threats facing Malagasy biodiversity.

Overall research questions and aims

The overall aim of this PhD is to assess whether bryophyte species can be used as indicators of
forest degradation — based on where species with different desiccation tolerance levels occur.
This will be achieved by relating desiccation tolerance traits of species with their environmental
preferences and creating an index from this. Thus the main research questions of this thesis are:

Do bryophytes have different levels of desiccation tolerance?
Are there known morphological and life-history traits that relate to desiccation tolerance
and can these traits be related to the environmental conditions a species inhabits?

3. Can these traits be used to group species according to their trait similarity and
environmental preferences?

4. How can we create an indication index based on species traits that are associated with
particular environmental conditions?

5. Does this indication index vary between different microhabitats and levels of forest
degradation?
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Thesis Structure

Chapter one provides an introduction to bryophytes, from their morphology to their ecology and
conservation. It also introduces Madagascar in terms of its biodiversity and bryoflora.

Following the background provided in chapter one, chapter two provides a review of desiccation
tolerance (DT) in the plant world and gives further details on bryophyte morphological and life-
history traits that are associated with desiccation tolerance. A detailed description of these traits
and the reason they are included in this study is also provided. A summary of the application of
desiccation tolerance in ecological studies and how desiccation tolerance traits may be used to
select indicator species of forest degradation is provided.

Chapter three investigates the relationship between traits (morphological, reproductive and life-
history characters) and the environment. The overall aim is to examine the relationship between
traits and environmental preferences to determine which traits indicate desiccation tolerance.
Aditionally, how to best categorise qualitative traits for subsequent statistical analyses is also
determined. The traits selected for inclusion in the trait database are those that relate to
desiccation tolerance, as reviewed in chapter two. The reasoning and methods for constructing
the trait database are outlined and the methods for obtaining data on the traits themselves are
described for traits where subjectivity is involved in their recording. An environmental index (El) is
created and an El value assigned to each species which is then related to DT. Univariate analyses
(ANOVAs) are undertaken to identify traits that are significantly related to species’ environmental
preferences (El) and DT.

Building on the results in chapter three, chapter four links desiccation tolerance to habitat and
conservation traits and assigns species indicator values (IVs). The trait database created in chapter
3 is used to identify indicator species, genera and families using multivariate analyses. An
ordination and subsequent clustering analysis groups species according to shared traits,
desiccation tolerance and environmental preferences. Subsequently, trait profiles that represent
species of different environments, namely: dry and exposed, and humid and sheltered, are
identified. These results are then used to assign all species, genera and families an indicator value
(IV). These taxa are then assigned to an indicator class based on their indicator value and
environmental range. The IV is further tested by seeing how it is associated with certain easy-to-
measure bryophyte traits and selected habitat, distribution and conservation traits.

While chapters 3 and 4, the compilation of the trait database and deriving the environmental
index (El) and indicator value (IV) metrics, comprised the largest part of this study a fieldwork
component is also necessary to apply and verify the derived metrics. Chapter five identifies the
indicator values of different habitat degradation and microhabitats occupied by species collected
during fieldwork in Madagascar. A larger-scale analysis is also undertaken testing if bryophytes in
different ecoregions in Madagascar have different indicator values, using georeferenced specimen
data.

Chapter six provides a synthesis of results and their application to conservation and future
research to be conducted based on this study, as well as limitations of this study.

A list of acronyms and glossary can be found at the end of the thesis.



Chapter 1 General Introduction

This chapter provides an introduction to bryophytes; as they are little known, a summary of their
study, evolution, morphology, physiology, ecology and conservation is given. Several recent books
and articles provide detailed reviews on bryophytes, ranging from their evolution to their ecology,
and so the focus in this chapter is on tropical bryophyte ecology, in particular bryology in
Madagascar.

1.1 Anintroduction to bryophytes

1.1.1 What s a bryophyte?

Most people will have noticed bryophytes at some point in their lives as green patches growing on
walls and trees and colloquially called them ‘mosses’. The term bryophyte actually refers to three
morphologically diverse plant phyla: Bryophyta (mosses sensu strictu), Marchantiophyta
(liverworts, also sometimes called hepatics) and Anthocerophyta (hornworts). The three
bryophyte phyla are informally grouped together as they share several characteristics: very small
size (though a few species can reach up to 1 m in length); lack of lignified tissues; production of
spores; a branched gametophyte; poikilohydry (unable to regulate their water content) and a life
cycle with a dominant gametophyte generation. The last characteristic is unique to bryophytes.
The word ‘bryophyte’ is a combination of the Greek words ‘bryon” — moss and ‘phyto’ — plant and
means “plants that swell with water” (Vanderpoorten & Goffinet, 2009, p. 2). This refers to how,
after almost completely drying out, they appear to expand when again in contact with water.
Another important character of bryophytes is that they are poikilohydric — unable to regulate
their water content, in contrast to all other terrestrial plants. Their ability to lose most of their cell
water content, cease metabolic activity and then resume metabolic activity when rehydrated is
referred to as vegetative desiccation tolerance, a strategy that has enabled plants to adapt to life
on the relative dry terrestrial environment. This mechanism, which is found almost exclusively in
bryophytes and only present in angiosperms in their seeds and pollen, is what this thesis centres
around and is discussed in more detail in chapters two and three.

Because of the colloquial use of the word ‘moss’ it is important to define how the following terms
are used in this thesis: ‘bryophyte’ refers to all three taxonomic phyla (Bryophyta,
Marchantiophyta, Anthocerophyta); ‘moss’ is used to refer solely to the Bryophyta phylum;
‘bryophyte group’ refers to a phylum (Bryophyta, Marchantiophyta or Anthocerophyta); ‘plant
group’ refers to groupings of similar plant phyla (see Table 1.1, p. 6); and ‘tracheophyte’ refers to
any terrestrial plant that is not a bryophyte (for further definitions see the glossary, p. 334).

Bryophytes, in comparison to other plants, have historically been understudied and
misunderstood, likely due to their small stature making them easy to overlook in the field and
difficult to identify. This has meant that the organism referred to as a moss has changed over
time. Pliny the Elder in his Natural History uses the term ‘bryon’ to mean lichens, algae, berries,
buds, as well as moss (Bostock & Riley, 1855). Early naturalists believed they were “(...)
excrescences produced from the earth, trees etc. (...)” (Miller, 1735, p. 158) and a symptom of
illness in trees (Encyclopaedia Perthensis, 1816). The founders of modern botany, Malphigi and
Grew, make no mention of bryophytes in their works on plants (Malpighi, 1675; Grew, 1682). The
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16™ & 17" century philosopher Francis Bacon reasoned moss to be “(...) but the rudiment of a
plant (..) and the mould of earth or bark” (Bacon, 1627, p. 139). By the early 18" century,
however, they were recognised to be small plants and classification of species was underway
(Ray, 1690, 1724; Dillenius, 1719, 1741; Miller, 1735). However, bryophytes still remained
grouped together with other non-flowering plants (Dillenius, 1719; Linnaeus, 1753), and the term
‘moss’ could be used when referring to lichens (Watson, 1758) and vice-versa. Early classifications
listed some bryophytes in the genus named ‘Lichen’ e.g. the liverwort Marchantia polymorpha
was named Lichen domesticus minor (Dillenius, 1741, p. 527), Figure 1.1. Linnaeus (1753) included
bryophytes in his seminal work Species Plantarum (vol. 2), guided in part by Dillenius’s
publications, but the German botanist Johann Hedwig was the first to undertake a thorough study
of bryophytes, notably through his work on mosses, Species Muscorum Frondosorum (published
posthumously in 1801), which included detailed coloured illustrations (Figure 1.1). Although
publications on bryophytes existed before these two works, they have been designated as the
baseline for bryophyte nomenclature; Linnaeus’s Species Plantarum (1753) for liverworts,
hornworts and Sphagnum mosses and Hedwig’s Species Muscorum Frondosorum (1801) for all
other mosses (Koch & Crum, 1956; McNeill & International Association for Plant Taxonomy, 2012).
The setting of this basis for bryophyte nomenclature was needed so that bryologists could reduce
the confusion in the nomenclature and subsequently create checklists of all known species.
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Figure 1.1 Early illustrations of bryophytes: left — a liverwort, Lichen domesticus minor (now Marchantia
polymorpha L.) from Dillenius’s Historia Muscorum (1741), plate LXXVII; right — a moss, Bryum
dichotomum Hedw., from Hedwig's Species Muscorum Frondosum (1801), plate XLIl. Images from the
Biodiversity Heritage Library — digitised by the Biblioteca Digital del Real Jardin Botanico de Madrid.

1.1.2 How many bryophytes are there?

As with all plant groups, the total number of species recognised varies, due to synonymy issues,
identification difficulties and changes in bryological exploration (Figure 1.2) (Magill, 2010;
Séderstrom et al., 2016). Unsurprisingly, the number of species known has increased greatly since
Linnaeus (1753) and Hedwig (1801) who listed 41 liverworts, 550 mosses and 3 hornworts (Figure
1.3). The latest checklists estimate that around 20 000 bryophyte species have been described:
12 800 mosses (Crosby et al., 1999), 7200 liverworts and 215 hornworts (S6derstrom et al., 2016).
Hornworts continue to make up a very small part of bryophytes (Figure 1.3) and it has been
suggested that they may be the end of a lineage that was once more speciose (Villarreal et al.,
2010). Bryophytes are the second largest group of terrestrial plants (second only to the flowering
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plants) and the third largest plant group when algae are included; the Bryophyta phylum alone is
the second largest of all plant phyla ( Table 1.1).

Total accepted moss species

450 New moss species 14000
400 New liverwort species
12000
350 g’
3 10000 2
@ 1 NS
> 300 2
¢ 250 | 8000 @2
o =8
a 200 4
G 6000 B
z 0.
2 150 o
4000
100
50 ‘ m\ 2000
| | v
0 ' 0
o uw - O NN OO~ NN OOMONS O WLNOOMN O~
w ™~ OO~ AN NS ULWNWOSNSNO0OTTO " NNMNMSTITOO~D0DOO
r~ ~ WO WOoOWODOoODoDODDOTrOOCOOCTOOCTOOTOOOO O

Figure 1.2 Number of new liverwort and moss species described globally over the last 250 years showing
how the number of species discovered differs greatly between years. The total moss species described
over time (dotted line) indicates that there has been a slowing rate of discovery since the mid-19"
century. (Liverwort data redrawn from Séderstrom et al., 2016, fig. 2, p. 7; moss data redrawn from
Magill, 2010, fig. 3, p. 170)
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Figure 1.3 Change in amount of bryophyte species described globally over the last 250 years between
baseline publications and now. Left: percentage composition by bryophyte phyla with species numbers in
each phyla; right: numbers of species described per phyla with total species known at top of bars. (Data
compiled from Linnaeus, 1753; Hedwig, 1801; Crosby et al., 1999; S6derstrom et al., 2016).
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Table 1.1 Number of species in each major plant group with number of species in each plant phyla, with
source for each number. The grouping of phyla into major plant groups follows those used in The Plant
List (2013). The definition of algae in its broadest sense is used here following Guiry 2012; for
simplification, only the larger algae divisions are specified (see Table 1.11, p. 45 for more detail on algae
species numbers).

Number of

Plant group Phylum species Total Source
Rhodophyta 6131 Guiry, 2012
Charophyta 3470 Guiry, 2012
Algae Chlorophyta 4548 33260  Guiry, 2012
Ochrophyta 11 571 Guiry, 2012
All others 7 540 Guiry, 2012
Marchantiophyta 7200 Séderstrom et al., 2016
Bryophytes Bryophyta 12 800 20215 Crosby et al. 2000
Antocerophyta 215 Séderstrom et al., 2016
Cycadophyta 92 The Plant List, 2013
Ginkgophyta 1 The Plant List, 2013
Gymnosperms 1104
Pinophyta 899 The Plant List, 2013
Gnetophyta 112 The Plant List, 2013
Lycopodiophyta 1285 Frey & Stech, 2009
Ferns Yeop P 12 285 y
Pteridophyta 11 000 Smith et al., 2006
Angiosperms Magnoliophyta 352 000 352000 The Plant List, 2013

1.1.3 Where are bryophytes found? — distribution and biogeography

Bryophytes are one of the most successful plant groups as they are found on every continent
(except hornworts, which are not known from Antarctica) (Figure 1.4 A & B) and all terrestrial
habitats (Alpert, 2000a; Vanderpoorten & Goffinet, 2009; Tuba et al., 2011; Geffert et al., 2013).
Some species that can tolerate low salt levels inhabit coastal habitats, although cannot be
permanently submerged (Vanderpoorten & Goffinet, 2009). They have even been found to
survive in permafrost (La Farge et al., 2013), with a recent experiment showing that mosses that
had been buried in ice for around 4800 years were able to re-grow on the ice itself (Roads et al.,
2014). Despite their small size, bryophytes can occupy large areas of a substrate making them
conspicuous in many habitats; a striking example of this is the genus Sphagnum which alone is
estimated to cover 2-3% of the terrestrial surface, notably in peatlands (Hanson & Rice, 2014).

Bryophytes tend to have wide geographical ranges, that can span two or more continents
(Vanderpoorten & Goffinet, 2009) and lower rates of endemism compared to vascular plants e.g.
in Madagascar, known for its high endemism rates, 29% of bryophytes are endemic compared to
82% of vascular plants (Callmander, 2011; Marline et al., 2012, respectively.). Explanations for
their global distribution are a combination of plate tectonics and bryophytes’ dispersal capacity,
as well as reproductive strategy (Vanderpoorten & Goffinet, 2009; Magill, 2010; Mateo et al.,
2013).
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Areas with the highest bryophyte diversity include the neotropics, 4000 species are known from
here (Wagner et al., 2014), particularly in humid montane cloud forests (Pardow & Lakatos, 2013).
This could be due to the high amount of bryological research undertaken in this area compared to
other tropical regions, although diversity of other plant groups is known to be exceptionally high
for areas in the Neotropics (Figure 1.4 C) (Myers et al., 2000; Geffert et al., 2013). Bryophyte
abundance has been shown to be correlated with altitude in the tropics (Bader et al., 2013;
Wagner et al.,, 2014) and tends to be greater where water availability is not limited. When
studying African inselbergs, Frahm (2000) found that although species had low habitat specificity,
the number of species was greater in wetter areas, such as rock pools, and lower in wet flushes
where amount of water is lowest.

Figure 1.4 (next page) Liverwort (A) and moss (B) species richness per country showing their presence in
every continent on earth. (C) shows vascular plant species richness for comparison of regional diversity
levels. Units: (A) and (B) species richness per geo-political unit, (C) species richness per 10 000 km?. ((A)
taken from von Konrat et al., 2008, fig. 2 p. 97; (B) from Geffert et al., 2013, fig. 1, p. 4; and (C) from
Mutke & Barthlott, 2005, fig. 3 p. 525.)
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1.1.4 What makes bryophytes unique? — the bryophyte life cycle

The Bryophyta, Marchantiophyta and Anthocerophyta are grouped together because they share
the unique trait among land plants of having a dominant gametophyte generation. All land plants
have alternating gametophyte (haploid) and sporophyte (diploid) generations but vascular land
plants spend most of their existence in the sporophyte stage (so-called because it is the stage
when spores are produced). In contrast, the gametophyte stage (so-called because it is the stage
when female and male gametes are produced) dominates the life cycle of bryophytes (Figure 1.5).
The stages in the life cycle are similar across the three bryophyte groups, with variation in the
structure of the gametophyte and sporophyte (see section 1.1.6, p. 12 for more details). When
they land upon a favourable substrate, spores (haploid - 1n) develop into protonema via mitotic
division of cells. Their ability to adapt to varying habitat conditions by changing their morphology
is due to the way bryophytes grow (Vanderpoorten & Goffinet, 2009). They exhibit modular
growth, which simply put means that growth is via the addition of ‘modules’. Each module is
formed of several ‘metamers’ where each metamer is a group of cells that can develop into either
a single branch or leaf. The metamer is created by the mitotic division of the apical cell (Crandall-
Stotler et al.,, 2009; Goffinet et al., 2009; Vanderpoorten & Goffinet, 2009). When the adult
gametophyte plant is developed (haploid - 1n) it produces gametes: egg in archegonia and
diflagellated sperm in antheridia (Figure 1.5). Fertilization occurs in the presence of water, which
allows the sperm to swim to the egg. The sporophyte generation is initiated with the zygote
(diploid - 2n), which develops into the sporangium. Spores are produced in the sporangium, which
is enclosed within a capsule, via meiotic divisions. Once mature, the spores are released via
capsule dehiscence (opening) via either a “mouth” in the capsule (an operculum) or longitudinal
slits in the capsule (Figure 1.5).

The organisation of sex organs on the gametophyte varies and, as with tracheophytes, bryophytes
can be monoicous or dioicous. This obviously has implications for the life cycle as the distance the
sperm has to travel to reach the egg affects fertilisation success. In monoicous mosses there are
three main types of sex organ organisation: paroicous, the antheridia surround the archegonia;
synoicous, antheridia and archegonia are mixed; and autoicous, antheridia and archegonia are
held on different branches (Figure 1.6). The high levels of dioicy in liverworts and mosses (around
50-60%, see Figure 1.10) and the need for water to transport the sperm means that asexual
reproduction is prevalent and many species produce vegetative reproduction structures
(Vanderpoorten & Goffinet, 2009). These structures are very varied, ranging from small
propagules (gemmae, see Figure 1.11 G & N) to deciduous branches.
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Figure 1.5 Main stages of the bryophyte life cycle. Most of a bryophyte's life cycle is spent in the
gametophyte stage (haploid - 1n) that begins when spores are produced. Spores develop into protonema
and subsequently into the gametophyte plant. The plant then produces gametes: egg in archegonia
and/or sperm in antheridia, hence the term gametophyte. After fertilization the sporophyte generation
(diploid — 2n) begins with the zygote, which develops into sporangia held within a capsule. Following
meiosis in the sporangia, mature spores are released beginning the cycle again. Source: Sarah Stow
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Figure 1.6 Organisation of sex organs in mosses. Dioicous species have individual female and male plants.
Monoicous species have female and male organs on the same plant, in one of three configurations:
autoicy, paroicy or synoicy. (Taken from Vanderpoorten & Goffinet, 2009, fig. 4.12, p. 86.)

10



CHAPTER 1 — GENERAL INTRODUCTION

1.1.5 When did bryophytes appear? — evolution & phylogeny

Plants first colonised land around 475 million years ago (Ma) and these early plants
(Charophycean green algae) are no longer extant, but bryophytes, being the closest living relatives
to these plants (Goffinet & Shaw, 2009; Hanson & Rice, 2014), provide insight into how the first
colonising plants adapted to life in a dry environment (Shaw et al.,, 2011). The oldest fossil
evidence for bryophytes are spores and tissues similar to those of liverworts from the Ordovician
period, 470 Ma (Crandall-Stotler et al., 2009; Shaw et al., 2011). This predates the estimated
origin of vascular plants during the early Devonian period by about 50 - 30 million years (Figure
1.7) showing how ancient the bryophyte lineage is and the reason why they are often termed
‘primitive plants’. Bryophytes’ close evolutionary relationship to the first land plants mean they
play an important role in the study of plant evolution (Vanderpoorten & Goffinet, 2009).

470-450' 365
450 400 130
4 e
Devonian Carboniferous pemian Triassic Jurassic Cretaceous
475 450-420 409-407 245-234 150-145

" 370

Y 420

Figure 1.7 Origin of the bryophyte divisions and major terrestrial plant groups according to latest
research. The origin of well-known animals is shown for reference. Numbers indicate millions of years
ago. The term “ancestor” refers to earliest known fossils with affinities to a bryophyte group. (Animal
data compiled from Johanson et al., 2006; Bryophyte and vascular data compiled from Crandall-Stotler et
al., 2009; Villarreal et al., 2010; Brusatte et al., 2010; Shaw et al., 2011; Ligrone et al., 2012. Benton, 2014;
Chatterjee, 2015; Sues, 2016) Source: Sarah Stow

Fossilisation is a rare event, even more so in bryophytes which lack lignified tissues and so the
bryophyte fossil record is scarce (Goffinet, 2000; Edwards, 2000; Ligrone et al., 2012). Calibration
of phylogenies and mapping ancestral character-states is therefore hampered, bringing
uncertainty to the reconstruction of bryophytes’ phylogeny (Mishler & Kelch, 2009; Villarreal et
al., 2010). Over time various bryophyte phylogenies have been put forward (Figure 1.8) with
consensus shifting between which bryophyte phylum is the sister group to tracheophytes (Shaw &
Renzaglia, 2004; Vanderpoorten & Goffinet, 2009; Villarreal & Renzaglia, 2015). Advances in
molecular techniques and analyses as well as the increasing number of sequenced species have
led to changes in early land plant phylogenies (Figure 1.9) (Mishler & Kelch, 2000; Villarreal &
Renzaglia, 2015). The first reconstructions of land plant phylogenies were based on morphological
data and bryophytes were believed to form a monophyletic group (Figure 1.9 A) (Goffinet, 2000;
Vanderpoorten & Goffinet, 2009). Subsequent analyses which included ribosomal DNA as well as

11



CHAPTER 1 — GENERAL INTRODUCTION

morphological data revealed that they are in fact paraphyletic (Shaw et al.,, 2011). Once
phylogenetic analyses began to include more data types and species, a wider array of phylogenies
were proposed (Figure 1.8 and Figure 1.9). Knowing which phylogeny is the correct one has not
been straightforward as the type of data used, the number of taxa used and the analyses applied
will yield different topologies (Goffinet, 2000; Mishler & Kelch, 2009; Vanderpoorten & Goffinet,
2009; Villarreal & Renzaglia, 2015). The current consensus is that liverworts are the basal land
plant group and hornworts are a sister lineage to the tracheophytes (Figure 1.9 C) (Villarreal &
Renzaglia, 2015). This is based on studies that have used a large number of plant species as well
as different data (e.g. morphological; chloroplast, mitochondrial and nuclear DNA; genomic
structural data; amino acid sequence DNA). The phylogenies within each bryophyte phylum are
also not fully resolved and classifications are continuously being revised (Crandall-Stotler et al.,
2009; Goffinet et al., 2009; Renzaglia et al., 2009).
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Figure 1.8 Number of phylogenies and phylogeny topology (A, B, C, D, E, F, G) in research papers over the
last 30 years. For phylogenetic cladograms see corresponding letter in Figure 1.9.

1.1.6 Morphology

In each of the three bryophyte phyla the gametophyte and sporophyte generations have distinct
morphologies. Morphological traits affect species’ survival (Violle et al., 2007) and so adaptation
to the wide variety of microhabitats inhabited by bryophytes has lead to their great morphological
diversity. As there exist good overviews of bryophyte morphology in Vanderpoorten and Goffinet
(2009) and in Goffinet and Shaw (2009) and detailed descriptions, including their development
and phylogeny, in several publications (e.g. mosses - Shaw et al., 2011; hornworts - Villarreal et
al., 2010; Desiro et al., 2013; Villarreal & Renzaglia, 2015), | focus on the defining characteristics of
each phylum and what separates these three phyla morphologically. Vitt et al. (2014) provide a
succint summary of the main differences between orders in each of the three phyla, but see
chapters in Goffinet and Shaw (2009) for a more detailed description. A summary of the main
differences between the three phyla can be found in Figure 1.10, p. 16). Further details on some
morphological characters relevant to this study are provided in Chapter 2.
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Figure 1.9 The various proposed topologies of early land plant phylogenies. (A) bryophytes are
monophyletic and the sister group to tracheophytes. (B) paraphyletic bryophyte assemblage where
mosses are the sister lineage to tracheophytes and hornworts are the earliest divergent land plants
(basal). (C) paraphyletic bryophyte assemblage with hornworts as the sister lineage to tracheophytes and
liverworts basal; this is the currently accepted phylogenetic relationship. (D) paraphyletic bryophyte
assemblage with liverworts as the sister lineage to tracheophytes and hornworts basal. (E) paraphyletic
bryophyte assemblage with mosses as the sister lineage to tracheophytes and liverworts basal. (F)
liverworts and mosses are a monophyletic sister clade to tracheophytes and hornworts are basal. (G)
paraphyletic bryophyte assemblage with hornworts as the sister lineage to tracheophytes and mosses
basal. For information on data types used to construct the phylogenies and research papers see Table
1.12, p. 47, Appendix 1. (Adapted from: Goffinet, 2000, fig. 4.1, p. 136; Villarreal & Renzaglia, 2015, fig. 1,
p. 158.)

1.1.6.1 Marchantiophyta - liverworts

Liverworts are broadly divided into two types based on morphology: the leafy liverworts and the
thalloid liverworts. The latter are further sub-divided into simple and complex thalloids. As the
names suggest, leafy liverworts have stems with leaves (Figure 1.11 A & B) and thalloid liverworts
are composed of thalli — loosely differentiated fleshy lobes, which can be arranged in rosettes or
be spreading (Figure 1.11 C). Simple thalloids usually have a midrib and two unistratose lateral
wings but no specialised tissues (Figure 1.11 H). In contrast, complex thalloids have storage cells,
air pores and air chambers (Figure 1.11 G) (Crandall-Stotler et al., 2009; Vanderpoorten &
Goffinet, 2009).

Leafy liverworts have various morphological characters unique to them such as lobules and
underleaves (see Figure 2.12, p. 76) — these structures have implications in bryophyte ecology and
desiccation tolerance and are discussed further in section 1.2.1.3, p. 23 and section 2.2.3, p. 65,
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respectively. Another unique character to all liverworts is the presence of oil-bodies (membrane-
bound organelles that contain terpenoid oils and aromatic compounds) in 90% of species
(Crandall-Stotler et al., 2009; Vanderpoorten & Goffinet, 2009). These are not known from other
extant plant groups.

Sporophytes consist of a capsule on the end of an elongated seta (stalk) with a foot (Figure 1.11
E&F) or in a few species the capsule remains embedded in the thallus. In the genus Riccia capsules
do not emerge from the thallus and the sporophyte lacks a foot and seta (Figure 1.11 D). The
shape of the capsule varies considerably from spherical to ovoid to cylindrical and also star-
shaped (Figure 1.11 E & F). Liverworts have several structures that protect the sporangium as it
develops: calyptra, shoot calyptra, pterygynium, involucre, perianth, pseudoperianth (Figure 1.11
C); no other land plant has such a variety of structures protecting the sporangium (Vanderpoorten
& Goffinet, 2009). The presence of these varies across the liverwort genera and can be used as a
diagnostic feature. Following capsule dehiscence (release of the spores via opening of the
capsule), the seta, which is composed of thin-walled cells, dehydrates and collapses (Figure 1.11
F) (Crandall-Stotler et al., 2009).

1.1.6.2 Bryophyta — mosses

This bryophyte group is perhaps the one that most resembles tracheophytes when in the field.
They are composed of leaves (referred to as laminae in bryology) arranged spirally around a
central stem (except in Fissidens where leaves are distichous - in two opposite rows) and can be
branched or not. Like liverworts, their morphology can be divided into two types: pleurocarpous
(Figure 1.11 | & J) and acrocarpous (Figure 1.11 K & L). Pleurocarpous mosses are branched,
sporophytes develop on the stem/branch and they tend to grow horizontally along the substrate
whereas acrocarpous mosses are unbranched, sporophytes develop at the end of the stem and
they tend to grow upright.

Moss leaves are different from liverwort leaves in that they usually have a costa (nerve or midrib),
and unlike in liverworts and hornworts, cell size in a leaf varies — this is discussed further in
Chapter 2. A morphological character unique to mosses is the presence in some genera of
lamellae from the base to the apex of their leaves. These lamellae are rows of photosynthetic cells
that project outwards from the costa and are a character used in the identification of some
species (e.g. Pogonatum species).

The sporophyte possesses a foot, seta and capsule, but unlike in liverworts, the seta remains in
place following spore release due to the presence of conducting cells, hydroids (for water) and
leptoids (for photosynthates), providing structure to the seta (Goffinet et al., 2009;
Vanderpoorten & Goffinet, 2009). In most mosses, spores are released via the operculum
(opening with lid-like structure) at the end of the capsule (Figure 1.11 M) (except in four genera:
Andraeae and Acrochisma (4 longitudinal slits); Takakia (spiral slit); Andreobryum (various
longitudinal slits)). Many species also have a peristome: a ring of teeth surrounding the
operculum thought to regulate the release of spores. Mature moss capsules of some species
retain their calyptra (Figure 1.11 K & M) which protects the capsule while it is developing, and
may also control its development (Vanderpoorten & Goffinet, 2009). Calyptra morphology in
mosses is an important diagnostic character in some genera (e.g. Orthotrichum). A unique feature
in moss capsules is the presence of a peristome (a ring of teeth surrounding the capsule

14



CHAPTER 1 — GENERAL INTRODUCTION

operculum) that controls the release of spores, though it is not present in all moss species
(Goffinet et al., 2009). It is also an important diagnostic character.

Interestingly, mosses do not form fungal symbioses, although 80% of other land plants, including
liverworts and hornworts, have arbuscular mycorrhizae symbionts (Field et al., 2015). Mosses
have multicellular rhizoids (used for anchoring and absorption) whereas in the other two
bryophyte groups they are unicellular, which could explain the absence of fungal symbionts in
mosses (Field et al., 2015).

1.1.6.3 Anthocerophyta — hornworts

The most distinguishing feature of hornworts in the field is their dark-green coloured thallus
(Figure 1.11 O & P), which is why they were initially classified with liverworts (Renzaglia et al.,
2009). Within the chloroplasts of most hornworts are pyrenoids, protein structures which contain
high concentrations of the photosynthetic enzyme RuBisCO, unlike in other land plant
chloroplasts where RuBisCO is found on starch grains (Renzaglia et al., 2009). This fundamental
difference in the chloroplasts is shared with algae and it is not fully understood what physiological
purpose it serves (Villarreal & Renzaglia, 2015).

When fertile they can easily be distinguished as, unlike liverworts and mosses, the sporophyte
does not have a round capsule or stalk but is instead composed of “an elongated cylindrical spore-
bearing region” (Renzaglia et al., 2009, p. 157) with a foot at its base (Figure 1.11 Q). This is
formed by the longitudinal division of the zygote, contrasting with the transverse division in
liverworts and mosses. Again in contrast with the other two bryophyte phyla, spores do not all
mature at the same time but instead mature progressively from the apex to the base (Figure 1.11
Q) (Villarreal et al., 2010) meaning that spore dispersal takes place over a longer time (Renzaglia
et al., 2009; Vanderpoorten & Goffinet, 2009).

Another distinguishing feature of hornworts is the presence of cyanobacteria endosymbionts. All
hornworts have Nostoc spp. (cyanobacteria) colonies within their thalli that fix nitrogen and so
provide the hornwort with this essential nutrient (Vanderpoorten & Goffinet, 2009). The dark-
green appearance of hornworts is due to the presence of these Nostoc colonies and the ‘canals’
formed in the thalli into the colonies to access the nitrogen (Renzaglia et al., 2009). Symbiotic
mycorrhizae are also present in hornworts and recent research has yielded interesting discoveries
such as the fact that hornworts have the highest diversity of fungal symbionts in any land plant
(Desiro et al., 2013; Villarreal & Renzaglia, 2015). This suggests that early land plants had a much
wider association with fungi than present-day tracheophytes in order to maximise their chances
of successful adaptation to land (Field et al., 2015).

As summarised above, the three bryophyte phyla clearly possess very different morphologies but
their small size, lack of lignified tissues, life cycle and poikilohydry means that they share most of
the same physiological mechanisms to adapt to their environment.
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Figure 1.10 Similarities and differences in some key characteristics between the three bryophyte phyla.
(Compiled from: Vanderpoorten and Goffinet 2009; Crandall-Stotler, Stotler and Long 2009; Goffinet,
Buck and Shaw 2009; Renzaglia, Villarreal and Duff 2009; Villarreal et al. 2010; Ligrone, Duckett and
Renzaglia 2012; Field et al. 2015; Villarreal and Renzaglia 2015). Source: Sarah Stow.

Figure 1.11 (next three pages) The various bryophyte morphologies: A-H different liverwort
morphologies; I-N different moss morphologies; O-Q hornwort morphology. (A) leafy liverwort Frullania
sp. (B) leafy liverwort Bazzania sp. (C) complex thalloid liverwort, Riccia sp., arranged in rosettes and
fertile thalloid liverwort (Sphaerocarpos sp.) with bottle-shaped pseudoperianths which enclose the
capsule (white circle). (D) complex thalloid liverwort Riccia atromarginata var. jovet-astiae with mature
sporophytes embedded in thalli visible. (E) Maturing sporophytes of the complex thalloid Reboulia
hemispherica developing from midrib at end of the thalli. (F) Capsules of a simple thalloid, Fossombronia
sp.: a mature capsule (right) and dehisced capsule (left) showing the brown spores. Note how the seta of
the dehisced sporophyte is wilting. (G) Splash-cup on the end of a Marchantia polymorpha thallus with
discoid gemmae inside, note also the air pores appearing as small white dots, it is a complex thalloid. (H)
A simple thalloid liverwort, Metzgeria sp. All photos by Sarah Stow.
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Figure 1.11 (cont.) I-N Different moss morphologies. (1) pleurocarpous moss Thuidium tamariscinum. (J)
pleurocarpous moss with sporophytes (Hypnum sp.). (K) acrocarpous epiphytic moss with capsules (Ulota
sp.). (L) acrocarpous terrestrial moss Polytrichastrum formosum. (M) sporophyte of a moss showing
calyptra (top left), seta and mature capsule with operculum (Macromitrium sp.). (N) gemmae on the end
of a stalk (Aulocomnium sp.). All photos by Sarah Stow.
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Figure 1.11 (cont.) O-Q Hornwort morphology (O) hornworts on an earth embankment. (P) developing
sporophytes. (Q) sporophytes showing direction of spore maturation: the tips are brownish-yellow with
mature spores being released, further down the sporophyte is yellow-orange and at the base it is still
green; inset shows mature yellow spores on the dehisced sporophyte. All photos by Sarah Stow.
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1.1.7 Life at a smaller scale — physiological ecology

Although bryophytes’ physiology underpins their ecology, | shall only briefly outline some main
points, not only because it is a vast topic and there are several recent reviews on different aspects
of their physiology (e.g. overall physiology in Cornelissen et al., 2007; Glime, 2007; Proctor, 2009;
Vanderpoorten & Goffinet, 2009; mineral nutrition in Bates, 2009; desiccation tolerance in
Proctor et al., 2007; Oliver, 2009) but also because chapters 2 & 3 deal with aspects of their
physiology specific to this thesis and so more details are given there. Most bryophyte ecology
studies have traditionally come from temperate areas but since the 1970s there has been an
increase in tropical bryophyte research (Mervin & Nadkarni, 2001) particulary within the last 20
years.

The origin of bryophytes between the first land colonisers and tracheophytes means that they
possess biochemical and cellular biology features from these two groups (Hanson & Rice, 2014).
However, their small size means that the physics of gravity, surface area, surface tension and
boundary layer apply differently in bryophytes than in tracheophytes (Hinshiri & Proctor, 1971;
Proctor, 2000a, 2009). Poikilohydry and desiccation tolerance govern the response of bryophytes
to environmental conditions and hence their ecology (Proctor, 1990, 2009).

1.1.7.1 Water, Light & Temperature

One of the most important characteristics affecting bryophytes’ physiology is that they are
poikilohydric — unable to regulate their water content — they are therefore dependent on their
immediate ambient environment, a trait retained from the first terrestrial plant colonisers (Bates,
1998). Poikilohydry allows bryophytes to lose nearly all their cellular water and vegetative
desiccation tolerance, an adaptive strategy to life on dry land, allows them to survive in a state of
suspended animation (Proctor, 2009). Whereas other major land plant groups have lost their
poikilohydry, bryophytes have maintained this in part because this is the optimal strategy for their
size (Tuba et al., 1998; Proctor et al., 2007; Proctor, 2009). Their lack of thick cuticle and thin
leaves/thalli (with the exception of some species) allow them to take in water throughout their
whole surface (Proctor, 2009; Vanderpoorten & Goffinet, 2009) and water conduction takes place
in capillary spaces on the plant — they are ectohydric (Proctor, 2009). Bryophytes can lose and
gain water quickly, in contrast to most tracheophytes, which has implications for respiration and
photosynthesis (Proctor & Tuba, 2002). Water is not only necessary for metabolic processes but
also for fertilisation so that the sperm can reach the archegonia; the small size of bryophytes
minimizes this distance (Shaw & Renzaglia, 2004; Goffinet & Shaw, 2009).

Bryophytes exhibit a range of tolerance to light from those that live in permanent shade to those
that live in full sun. As photosynthetic rate is limited by light availability, two parameters govern
light relations in plants: the light compensation point - the minimum light level required for
positive net photosynthesis (photosynthesis and respiration rates are equal), and the light
saturation point - the light level at which photosynthetic rate does not increase (no more photons
can be accepted by the photosynthetic apparatus) (Vanderpoorten & Goffinet, 2009). At light
levels above the saturation point, damage can occur due to oxidation, requiring plants to use
photo-protection mechanisms (Oliver, 2009; Vanderpoorten & Goffinet, 2009).

Many bryophyte species have broad optimum temperature ranges between 15 and 25°C, but
some species can survive extreme temperatures (cold and hot) and some have a very narrow
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optimum temperature range (Vanderpoorten & Goffinet, 2009). The optimal temperature is
determined by the net photosynthetic rate and bryophytes tend to achieve net photosynthesis at
lower temperatures than tracheophytes (Vanderpoorten & Goffinet, 2009). Damage that occurs
at high temperatures is similar to that of high light levels: disintegration of membranes and
bleaching of the photosynthetic apparatus through the loss of pigments (Vanderpoorten &
Goffinet, 2009). As well as damage, higher temperatures increase photorespiration which is
energetically inefficient due to loss of carbon (Glime, 2007; Proctor, 2010). Freezing tolerance, an
important feature in boreal species, is less relevant in this thesis (which focuses on temperate and
tropical bryophytes) although it should be noted that even tropical bryophytes have been shown
to be able to survive below 0°C temperatures (Vanderpoorten & Goffinet, 2009). The retention of
this ability in bryophytes that do not experience freezing temperature indicates the evolutionary
importance of freezing tolerance in the first plant land-colonisers.

There is a trade-off between having sufficient water for metabolic processes and capturing
enough light for photosynthesis. More details on water and light relations in bryophytes are given
in Chapter 2.

1.1.7.2 Nutrients

Bryophytes differ significantly from vascular plants in how they acquire nutrients (Bates, 2009).
Bryophytes can take in mineral nutrients from the atmosphere, particularly epiphytic species
(atmospheric dust, salt particles, ammonia and nitric acid (Barkman, 1969)), and the substrate
they grow on (Vanderpoorten & Goffinet, 2009). Desiccation greatly affects nutrition as nutrients
are lost when cellular water is lost (Bates & Baaken, 1998) and upon rehydration leaking of
solutes occurs; consequently, most bryophyte growth occurs when moisture availability is high
(Vanderpoorten & Goffinet, 2009). Additionally, water availability determines nutrient uptake
ability and rates (Bates, 2009). A consequence of poikilohydry is that bryophytes accumulate
mineral nutrients and chemicals, which can become toxic (Bates, 2009; Vanderpoorten &
Goffinet, 2009); this trait has led to bryophytes being successfully used as indicators in
biomonitoring studies (Bates, 2009). For a detailed review of bryophyte nutrient requirements,
capture, transport, and ecology see Bates (2009).

1.1.7.3 Life-strategy

Life strategy is a concept that brings together different aspects of bryophyte morphology and life-
history: life-span, reproductive effort, reproduction type, age of first reproduction, spore size,
longevity and growth-form (Table 1.2); species are categorised together based on shared values of
these characteristics (During, 1979; Bates, 2009). Life-strategy is a useful concept as it helps
explain and determine bryophyte distribution and aspects of their ecology, although the
delimitation in life-strategy is not as strict as the categories defined and variation exists (Bates,
2009).

Table 1.2 The six main life-strategies of bryophytes. Taken from Bates 2009, table 8.2, p. 327.

Spore number and size

Life span Reproductive effort

Many small Few large
<1 year Fugitive Annual shuttle High
A few years Colonist Medium shuttle Medium
Many years Perennial stayers Dominant Low
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1.2 Bryophyte ecology & conservation

1.2.1.1 Substrate

Because of their ability to absorb water through their leaves and stems, rather than restricted to
the roots as in tracheophytes, bryophytes can occupy substrates unavailable to other plant groups
(Proctor, 2009); they can occupy a wide range of substrates, see Table 1.3. Bryophytes are often
among the first colonisers of bare soil and rock providing a subsequent habitat for other plant
groups and animals. Though many bryophyte species are specific to their substrate type (only
occupying one type), others can occupy a range of substrates (Barkman, 1969; Bates, 2009). The
life-strategy of a bryophyte and three main substrate factors affect whether a bryophyte inhabits
a particular substrate: longevity, chemical properties, and water-holding capacity (Bates, 2009).
Bryophytes that have short-life spans are able to colonise ephemeral substrates whereas species
with long life-spans require stable substrates (Bates, 2009).

Table 1.3 Substrates occupied by bryophytes, terminology used and relative number of species occupying
those substrates. Compiled from Smith (1982) and Bates (2009).

Species occupying

Substrate Terminology substrate
Rock Epilith or saxicolous Many
Alkaline Calcicole Many
Acidic Calcifuge Many
Metal-rich Metallophyte Few
Bark Epiphyte or corticolous Many
Leaf surface Epiphyll Many (mostly tropical)
Soil Epilith or terricolous Many
Salt-marshes & coastal dunes Halophyte Few
Dead vegetation
Non-ligneous Litter species Some
Logs and stumps Epixylic Many
Dead animals Coprophile Few
Dung Coprophile Few

Epiphytes and saxicoles are the best-studied groups (Barkman, 1969; Smith, 1982; Bates, 2009).
Substrate specificity has been linked to chemical properties of the substrate and environmental
variables as well as to the ecophysiology of the bryophyte itself (Bates, 2009). Bryophytes can be
classified as substrate obligates (specialist, occupying only one substrate type) or facultatives
(occupying two or more substrate types) (Smith, 1982).

1.2.1.2 Habitat

Whereas vascular plant distribution is mostly dictated by edaphic and macro-climatic variables
(Barkman, 1969), epiphytic bryophyte distribution is determined by microclimatic variables,
predominantly moisture availability (Barkman, 1969; Proctor, 2009). Certain bryophytes,
particularly rare ones, are associated with specific microhabitats (Vanderpoorten & Engels, 2003).
This affinity to microhabitat can be illustrated by Riccia cavernosa, typically a species of dried
ponds in grasslands, but that can be found in pavement cracks with weeds including the very
common mosses Bryum argenteum, B. dichotomum, and Funaria hygrometrica (Vanderpoorten &
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Engels, 2003) showing that microhabitat, rather than habitat, is the determining factor in this
species’ distribution. However, some bryophyte species may occupy different niches in different
regions (Mateo et al., 2013). In Alberta, Canada, rare mosses are mostly composed of acrocarps,
stress tolerators and rare species prefer rock and soil microhabitats as well as cliff and alpine
mesohabitats (Vitt & Belland, 1997).

1.2.1.3 Interactions with other species

Bryophytes interact with a range of other organisms, from protozoa to vascular plants to large
mammals (see Glime (2017a) for a thorough and fascinating review of the interactions of
bryophytes with various animal taxa). Competition with other plants is generally low (Bates, 1998;
Proctor, 2000a; Vitt et al., 2014) due to the fact that bryophytes occupy microhabitats that most
vascular plants cannot — those with low water availability or high exposure (Proctor, 2000a;
Alpert, 2000a). This is particularly true of hornworts which tend to be habitat pioneers
(Vanderpoorten & Goffinet, 2009). However, simply due to the larger size of vascular plants, some
bryophytes may be out-competed due to the creation of shade (Rydin, 2009). In a study
comparing a bryophyte and a tracheophyte from the same habitat, their phenology was found to
be complementary: the bryophyte was most productive at the coldest time of year, and the
tracheophyte at the hottest time of year (Vanderpoorten & Goffinet, 2009). This was explained by
the fact that the tracheophyte herbaceous cover is lower in winter allowing more light to reach
the ground-dwelling bryophyte. In their turn, bryophytes can out-compete vascular plants by
preventing the germination and establishment of seedlings either by creating a physical barrier or
modifying the soil’s environmental conditions (Rydin, 2009; Vanderpoorten & Goffinet, 2009). A
prime example of this is the accumulation of Sphagnum leading to the creation of bogs which
have both a low pH (chemical barrier) and a thick organic layer that prevents vascular plant roots
from reaching the mineral soil layer (physical barrier) (Rydin, 2009).

Bryophytes interact extensively with invertebrates and protozoans, with the term “bryofauna”
used to describe animals that associate with bryophytes, whether occasionally or throughout
their whole life-cycle (Gerson, 1982). Some leafy liverworts have helmet-shaped lobules which
effectively act as water storage “sacs” but which can also provide a habitat for invertebrates (Hess
et al., 2005; Crandall-Stotler et al., 2009). Recently, a new species of mite was found in the water
sacs of an Australian Frullania species, using the liverwort for shelter and feeding (Colloff &
Cairns, 2011). Further to this, zoophagy has been documented in Colura and Pleurozia species
which have water sacs with a lid that can open and close thus trapping protozoans (Hess et al.,
2005). Whether the liverworts are actively attracting the animals or their trapping is incidental is
debated, but the decomposition and excreta of the animals is thought to provide a source of
nutrients (Hess et al., 2005; Crandall-Stotler et al., 2009). Bryophytes can also indirectly interact
with animals by providing them with the ability to camouflage e.g. amphibians and invertebrates
(Figure 1.12). In Papua New Guinea weevils have been found to encourage the growth of
bryophytes (among other cryptogams) on their backs in order to have a permanent camouflage
plant layer; the bryophytes either make the weevils inconspicuous to predators or add an
unpleasant taste to the weevil (Gressitt et al., 1965).
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Ground-dwelling grasshopper, Tree frog (Platyelis sp.),

Anjozorobe, Madagascar. Tsitongambarika Forest, Madagascar.
S. Stow S. Stow

Figure 1.12 Animals camouflaging on bryophytes in Madagascar: a grasshopper and a frog.

Whereas many plant species have evolved strategies to employ animals as vectors of pollen,
seeds and fruits, bryophytes are more reliant on water and wind for dispersal of their spores and
vegetative propagules. However, bryophyte species have been found to benefit from animal
dispersal, particularly coprophiles, e.g. slugs transporting vegetative branches of the epixylic moss
Dicranum flagellare Hedw. and flies dispersing sticky spores of coprophilous mosses (Bates, 2009).

1.2.2 Ecosystem services

The underpinning ecosystems and their biodiversity provide to humans, in terms of economic
development and sustainability, has been formally recognised and assessed in the Millenium
Ecosystem Assessment (Alcamo et al., 2003; Millennium Ecosystem Assessment, 2005). Despite
their small stature, bryophytes play an important role in various ecosystem services and are
fundamental components of biodiversity. Table 1.4 summarises some of the services they provide
and a few of these are expanded upon below.
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Table 1.4 Summary of some ecosystem services provided by bryophytes showing that despite their
diminuitive size they are important contributors to ecosystems. Service types based on those in the

Millenium Ecosystem Assessment (2005).

Service type

Service provided

Source

Provisioning Services

Food

Mushroom cultivation; shipping of food;
hydroponic gardening; air-layering of fruit trees;
pesticides & herbicides

(Asakawa, 2007;
Vanderpoorten &
Goffinet, 2009)

Fresh water

Water filtration

(Glime, 2017b)

Fuel Household heating; electricity production Glime, 2017b
o . . . (Harris, 2008)
Fiber Bedding; packing material; absorbing (Toms & Devoto,

(bandages & nappies); building material

1734)

Biochemicals, natural
medicines,
pharmaceuticals

Biological control; desiccation tolerance
induced in human cells; antimicrobial; antibiotic;
anticancer

(Sabovljevi¢ et al.,
2001; Alpert,
2005)

Genetic resources

Genetic research; bioengineering

(Glime, 2017b)

Regulating Services

Climate regulation

Long-term storage of carbon — 33% of global
terrestrial carbon

Vanderpoorten &
Goffinet, 2009

Water regulation

Precipitation interception; water storage;
increasing local water table

Vanderpoorten &
Goffinet, 2009

Erosion regulation

Protect soil from wind and water erosion;
protecting soil from extreme air temperatures
and drought

Vanderpoorten &
Goffinet, 2009

Water purification and

Removing heavy metal contamination; filtration

(Glime, 2017b)

to remove microbes, pesticides and odors; oil Hallingback &
waste treatment .
spill cleanups Hodgetts
Hallingback &
Disease regulation Medicinal properties of chemical compounds HZdlg:Se;ttj,CZOOO
Pest regulation Biological control; pesticides & herbicides Glime, 2017b

Cultural Services

Spiritual and religious
values

“Moss men” procession in Spain; Bhuddist
temple moss gardens

(Martinez-Abaigar
& Nunez-Olivera,
2001) Hallingback
& Hodgetts

Recreation and
ecotourism

Aquariums; tourists visiting “moss men”
procession

(Martinez-Abaigar
& Nunez-Olivera,
2001); Glime,
2017b

Aesthetic values

Horticulture; moss walls; moss tables, moss bath
mats

(Hallingback &
Hodgetts, 2000)

(Budke, 2015)

Inspirational Literature; graffiti Hallingback &
Hodgetts
Educational Model organisms for physiological and (Hallingback &

biochemical experiments

Hodgetts, 2000)
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Service provided

Source

Cultural heritage

Japanese moss gardens; protecting architecture
from weathering

(Hallingback &
Hodgetts, 2000)

Supporting services

Soil formation

As habitat pioneers they create suitable
conditions for the establishement of other
organisms

Vanderpoorten &
Goffinet, 2009

Nutrient cycling

Mineral nutrient storage and source

Vanderpoorten &
Goffinet, 2009

Primary production

Major biomass component

Vanderpoorten &
Goffinet, 2009

1.2.2.1 Provisioning services

Biochemicals, natural medicines, pharmaceuticals

Despite the wide use of vascular plants in medicine throughout human history, there has been

very little traditional use of bryophytes — only 235 species are recorded to be used in ethnobotany

(Harris, 2008). However, with modern techniques it has been found that bryophyte chemical

compounds can have a range of applications (Table 1.5), particulary antimicrobial; antibiotic
(Basile et al., 1998; Olofin, 2013) and anticancer (Sabovljevic et al., 2016), with over 400 chemical
compounds known (Asakawa, 2007).

Table 1.5 Bryophytes and their medicinal properties. (Taken from Asakawa, 2007, Table 1, p. 558.)

Species

Medicinal application

Mosses

Bryum argenteum
Cratoneuron filicinum
Ditrichum pallidum

Fissidens japonicum

Funaria hygrometrica

Haplocladium catillatum

Leptodictyum riparium
Mnium cuspidatum

Oreas martiana

Philonotis fontana
Plagiopus oederi
Polytrichum species

Polytrichum commune

Antidotal, antipyretic, antirhinitic activity; for bacteriosis

For malum cordis (heart disease)

For convulsions, particularly in infants

Diuretic activity; for growth of hair, burns, and choloplania

(jaundice, icterus)

For hemostatis, pulmonary tuberculosis, vomitus cruentus

(hematemesis), bruises, and athlete’s foot dermatophytosis

dermatomycosis, dermomycosis)

Antidotal and antipyretic activity; for adenopharyngitis, pharyngitis,

uropathy, mastitis, erysipelas (rose), pneumonia, urocystitis, and

tympanitis
Antipyretic; for choloplania and uropathy

For hematostasis and nosebleed

For anodyne (pain), hemostasis, external wounds, epilepsy,
menorrhagia, and neurasthenia (nervosism, nervous exhaustion)

Antipyretic and antidotal activity; for adenopharyngitis

As a sedative; for epilepsy, apoplexy, and cardiopathy

Diuretic activity; for growth of hair

Antipyretic and antidotal; for hemostasis, cuts, bleeding from

gingivae, hematemesis, and pulmonary tuberculosis
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Species Medicinal application

Rhodobryum giganteum  Antipyretic, diuretic, and antihypertensive; for sedation,
neurasthenia, psychosis, cuts, cardiopathy, and expansion of
heart blood vessels

Rhodobryum roseum As a sedative; for neurasthenia and cardiopathy
Taxiphyllum taxirameum  Antiphlogistic; for hemostasis and external wounds
Weissia viridula Antipyretic and antidotal; for rhinitis

Liverworts

Conocephalum conicum  Antimicrobial, antifungal, antipyretic, antidotal activity; used to
cure cuts, burns, scalds, fractures, swollen tissue, poisonous
snake bites, and gallstones

Frullania tamarisci Antiseptic activity

Marchantia polymorpha  Antipyretic, antihepatic, antidotal, diuretic activity; used to cure
cuts, fractures, poisonous snake bites, burns, scalds, and open
wounds

Reboulia hemisphaerica  For blotches, hemostasis, external wounds, and bruises

Science

In science bryophytes have been used in important plant physiology and genetics experiments
such as the identification of sex chromosomes in plants (Anderson, 1963) and a moss,
Physcomitrella patens (Hedw.) Bruch & Schimp., has become a model organism in the study of
genetics (Cuming, 2009). Analyses of radiocarbon dates cores from bryophyte deposits (mainly
peatland) provides historical data on the earth’s climate (Glime, 2017b). The proportion of
different species along a core’s profile can indicate if that time period was wet and cold or warm
and dry (Vanderpoorten & Goffinet, 2009). Aditionally, analyses of populations’ genetic diversity
and structure can allow researchers infer how bryophytes were affected by glaciations
(Vanderpoorten & Goffinet, 2009).

Because bryophytes absorb water and nutrients directly through their leaves and are not able to
regulate water uptake and gas exchange, they can accumulate large amounts of chemical
compounds present in their surrounding environment (Vanderpoorten & Goffinet, 2009). As such,
since the 1960s bryophytes have been used as successful indicators of air pollution (Winner &
Bewley, 1978), heavy metal pollution (e.g. Burton & Peterson, 1979; Figueira et al., 2002) and
water pollution (Heino et al., 2005), overwhelmingly in temperate regions of the world (Frahm,
2003). Researchers can either record the presence and abundance of species growing naturally
within an area (and potentially monitor them over time) or place specific bryophyte species at
particular locations to monitor the levels of pollutants by subsequently measuring the pollutant
concentrations in the bryophyte’s tissues (e.g. (e.g. Meyer et al., 2012). The former method either
relies on creating indices based on species community composition and species abundance (e.g.
(e.g. Aguiar et al., 2010; Delgado & Ederra, 2013) or pollutant concentrations can also be
measured from collected samples (e.g. Aceto et al., 2003).

More recently, bryophytes have been put forward as indicators of biodiversity (Salazar Allen et al.,
1996) and habitat change (Drehwald, 2005) with a few studies showing that they can be useful
indicators of diversity levels in other organisms (e.g. Frego, 2007). The rationale behind the
usefulness of bryophytes to indicate habitat change lies in their rapid responses to changes in
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insolation and relative humidity (Frahm & Gradstein, 1991; Sporn et al., 2009). Desiccation-
intolerant shade epiphytes are particularly susceptible to increases in air circulation and solar
radiation which result from anthropogenic habitat degradation (Acebey et al., 2003). A handful of
studies have shown that bryophytes have great potential as indicators of habitat change
(Drehwald, 2005; Frego, 2007) yet this important application remains under-studied, particularly
in tropical Africa.

1.2.2.2 Regulating services

Bryophytes can play an important role in altering the habitat they occupy such as in forests with a
heavy epiphyte layer or in peatlands. In forests, a large amount of nutrients are stored in the
bryophyte layer (Bates & Baaken, 1998) and in some tropical montane forests they can make up
as much as 12% of the above ground biomass and 90% of the epiphyte biomass (Hallingback &
Hodgetts, 2000). This significant amount of biomass means bryophytes affect the cycle of
nutrients, carbon and water (Vanderpoorten & Goffinet, 2009).

Water regulation

Most tropical forest bryophytes are epiphytes (Wagner et al.,, 2014) and their interception of
precipitation (from 22% to 63% of total precipitation (Frahm, 1990)) means they act as important
water reservoirs, more so in tropical than temperate forests, providing a water source for other
forest species when it is dry (Pdécs, 1982). The amount of water stored varies but has been
calculated to reach 15 000 kg/ha in tropical forests (Vanderpoorten & Goffinet, 2009). Another
ecosystem where bryophytes play a central role in the water budget is peatland — a Sphagnum-
dominated ecosystem. Due to their cell structure, Sphagnum species can hold large amounts of
water leading to a rise in water tables locally (Vitt & Wieder, 2009) and are a vital component .

Climate regulation

The most significant way in which bryophytes contribute to climate regulation is through the long-
term storage of carbon — one third of the world’s carbon is stored in bryophyte “ground layers”
(Smith et al., 2015) such as peatlands. Despite their diminuitive size, Sphagnum stores more
carbon than any other plant genus (Vanderpoorten & Goffinet, 2009). The extraction and burning
of peat and the conversion of peatland to other land-uses therefore has a significant effect on the
amount of carbon released into the atmosphere. It has been estimated that it would take 692
years for the carbon lost through peatland removal to be recaptured (compared to 93 years for
the same area of tropical forest) (Danielsen et al., 2009).

Erosion regulation

Bryophytes can protect soil from wind and water erosion; extreme air temperatures and drought
(Vanderpoorten & Goffinet, 2009). They are a major component of “cryptogamic crusts” which, as
the name indicates, are a layer composed of bryophytes, lichens, green algae, cyanobacteria and
fungi found commonly in grasslands and arid and semi-arid habitats (Eldridge et al., 2000;
Vanderpoorten & Goffinet, 2009). By binding soil particles and creating a more heterogenous soil
topology water surface runoff is reduced through an increase in the soil’s permability and water
capacity (Eldridge et al., 2000; Vanderpoorten & Goffinet, 2009). Cryptogamic crusts can mitigate
the effects of over-grazing by providing a source population of bryophytes that can colonise bare
soil patches and subsequently create conditions for vascular plants to establish (Eldridge et al.,
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2000). These crusts also provide a physical barrier that protects against wind erosion of surface
particles and the dispersal of soil when raindrops hit (Eldridge et al., 2000).

1.2.2.3 Cultural services

Bryophytes have long been used by humans for a number of varied purposes including, most
commonly (and still to this day), in horticulture for transporting and propagating plants (Edwards
et al., 1757; Glime, 2008); as a substitute for mortar in walls (Toms & Devoto, 1734); during the
preparation of quicksilver (mercury — an essential part of alchemy, the starting point of modern
chemistry and physics) (Hill, 1773); as stuffing for mattresses (Encyclopaedia Perthensis, 1816)
and recently even used in graffiti art (Budke, 2015) (see Table 1.4 for further cultural uses).
Despite their uses, bryophytes have not always been appreciated: in Miller’s gardening dictionary
(1735) he states that “(...) they are plants of no use or beauty [in gardening] (...)” and Edwards et
al. (1757) oscillate between recommending them “Moss is vastly preferable to straw [when
packing plants]” to instructing how to get rid of them: “(...) rub off all the moss and other foulness
from the trunk (...)".

1.2.2.4 Supporting services

Soil formation

Pioneer bryophytes are among the first organisms to establish on bare soils (e.g. volcanic
deposits) creating conditions for vascular plants to establish themselves (Vanderpoorten &
Goffinet, 2009).

Nutrient cycling

Because bryophytes absorb large quantities of water, they also play an important role in
ecosystem nutrient cycling and accumulation (Frahm, 1990). Mineral nutrients stored in forest
ground and epiphyte layers (of which bryophytes are often the majority (Nadkarni, 1984) provide
not only nutrient storage but also a readily available source of nutrients. Although a larger
amount of nutrients is stored in standing trees (see lower montane forest values in Table 1.6, p.
30), these have much slower decomposition rates than bryophytes (Vanderpoorten & Goffinet,
2009).

Primary production

Bryophytes can contribute significantly to ecosystems’ biomass, up to 12% of total above-ground
biomass in tropical montane forest (Hallingbdck & Hodgetts, 2000). They are the major
component of epiphytic biomass in tropical forests and are therefore vital to nutrient and water
cycles in these ecosystems (Gehrig-Downie et al., 2011; Pardow et al., 2012). Unsuprisingly,
bryophytes have a much lower rate of productivity than vascular plants: mosses have a CO,
uptake of 3 mg dm™ hour™ compared to 40 to 80 mg dm™ hour™ in vascular plants (Glime, 2017c).
However, they still provide around 7% of terrestrial net primary production and about 50% of
terrestrial biological nitrogen fixation (Glime, 2017c).

1.2.3 Threat

1.2.3.1 Why are bryophytes threatened?

Although the extraction of bryophytes from the wild is a significant factor in the decline of some

species (notably Sphagnum species in peatlands), the greatest threats are habitat destruction and

change; soil, water and air pollution; and forestry practices (afforestation, exotic species and
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introduction of invasive species) (Hallingbdck & Hodgetts, 2000; Vanderpoorten & Hallingback,
2009; Sérgio et al., 2013). Bryophytes of wetlands and peatlands decrease or even disappear
when the water table drops as a result of wildfires and a drier climate due to climate change
(Smith et al., 2015). Their sensitivity to environmental conditions, a useful trait for bioindication,
makes them particularly susceptible pollution, particularly sulphur dioxide and heavy metals
(Hallingback & Hodgetts, 2000).

Table 1.6 Mineral nutrient inputs and accumulation in different forest types. (Oakwood and spruce forest
data taken from: Bates, 2009, table 8.1, p. 317; montane forest data taken from: Nadkarni, 1984)

Mineral nutrient - kg ha " year

Temperate oakwood - ground Ca Mg K Na N P
Throughfall & litterfall input 31.0 18.1 29.2  106.9 - -
Bryophyte accumulation 4.1 3.90 14.3 1.6 - -

Bryophyte accumulation as

percentage of throughfall & litterfall 13% 22% 49% 1.5% ) )

Black spruce forest - ground Ca Mg K Na N P
Throughfall & litterfall input 29.0 5.0 4.0 - 24.0 0.6
Bryophyte accumulation 14.0 12.0 16.0 - 92.0 5.0
Bryophyte accumulation as . 48%  240%  400% ) 383%  833%
percentage of throughfall & litterfall

Lower montane forest - epiphyte Ca Mg K Na N P
Total aboveground capital 4320 159.0 259.2 - 4320 259
Total foliar capital 46.5 24.8 41.1 - 78.7 4.2
Bryophyte capital 5.0 1.7 9.5 2.9 43.3 1.2
fori';zlyjejrzﬁ' e percentase o 0% 09% 32% - 85% 41%
Bryophyte capital as percentage of ) (o 79, 231% - 55.0% 29.5%

foliar

As well as extrinsic factors, bryophyte life-history, ecology and evolution may determine their
level of threat by making the species naturally rare. Bryophyte rarity can be defined within
Rabinowitz’s (1981) widely used “forms of rarity” classification (Table 1.7): bryophytes tend be
habitat specialists with narrow ranges (Birks et al., 1998). Their small size means that most
bryophytes are dependent on particular microhabitats and therefore have narrow habitat
specificity. As such, most species are not locally abundant and therefore rare (Birks et al., 1998).
Species with disjunct distributions and endemic species are also rarer (Vitt & Belland, 1997).
However, other factors besides geographical range, population size and habitat specificity affect
bryophyte rarity and must be taken into account.

30



CHAPTER 1 — GENERAL INTRODUCTION

Table 1.7 Species rarity according to Rabinowitz (1981) and applied to bryophytes by Gabriel et al. (2011,
Figure 1, p. 161). Three variables can be used to decide if a species is rare: geographical range, habitat
specificity and local abundance. These leads to seven forms of rarity and only one combination which
makes species common.

Geographical range Wide Narrow

Habitat specificity Generalist Specialist Generalist Specialist

) ) Restricted with
Narrow ecological | Restricted (rare by

Large Common narrow ecological

tolerance range)
Local range
abundance Restricted & scarce
Small Scarce (rare by | Scarce with narrow Restricted and with narrow
ma adundance) |ecological tolerance scarce ecological
tolerance

Bryophyte life-strategy has an impact on rarity e.g. species that produce small spores may be
more widespread than ones with large spores (During, 1979; Soderstrom et al., 2007); dioicious
species tend to be rarer than monoicous ones (Longton, 1992; Laaka-Lindberg et al., 2000); and
species with short life-spans are also rarer (Vellak et al., 2007). In fact, due to the dispersal of
bryophytes by spores, studies have shown that rare bryophytes tend to have wide geographic
distributions (Gabriel et al.,, 2011). There is also taxonomic bias as rarity is more prevalent in
certain taxonomic lineages e.g. the Bryales (Vitt & Belland, 1997). Aditionally, historical climate
change has an impact on rarity as many rare species are found in glacial refugia (Sérgio et al.,
2013). Rare mosses tend to be found in rare habitats (Cleavitt, 2005; Vellak et al., 2007) and the
number of mesohabitats can also be a determining factor in the presence of rare species (Vitt &
Belland, 1997). It has been noted that the ability to predict extinction probability would be useful
tool for the preventative management of habitats (Davies et al., 2000). Additionally, Rabinowitz’s
(1981) system may not always apply well to bryophytes as studies have shown that there is
usually a lack of data on bryophyte abundance (Gabriel et al., 2011) and that bryophytes do not
have the same rarity patterns as vascular plants (Soderstrom & Séneca, 2008). To overcome the
issue of lack of abundance data, Soderstrom & Séneca (2008) created a “Rarity Index” which
identifies how important an area is for restricted species. Range restricted species were identified
using a diversity index based on the proportion of areas occupied by a species in a region.
Subsequently, the Rarity Index is calculated using the relative proportion of restricted species in
an area compared to the overall number of restricted species.

Although rarity is an important aspect to consider when assessing a species’ level of threat, it is
equally important to take into account common species (Gaston & Fuller, 2008). Despite their
“common” status, historical and current significant declines of common species have been
recorded (Gaston & Fuller, 2007), perhaps most famously the extinction of the Passenger pigeon
in North America, with implication in the abundance of associated species (Gaston & Fuller, 2008).
The significant decrease in number of individuals, or even extinction, of common species shows
that just because a species is common does not mean it is safe from threat (Gaston & Fuller,
2008). Common species are fundamental components of the ecosystems they are part of simply
due to their abundance and any changes in this can affect the functioning of the ecosystem
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(Gaston & Fuller, 2008). Due to the dispersal capacity of bryophytes (because of the use of
spores), there are many examples of species that are common in one region of the world but rare
in another (e.g. Hallingback, 2002). Monitoring common species in one region could therefore
ensure their global preservation. This is especially useful if the species is rare in an understudied
region of the world, but common in a region where data availability and expertise is high.

1.2.3.2 How threatened are bryophytes?

To assess the extinction risk of species the Red List system was created by the International Union
for the Conservation of Nature (IUCN); a system which classifies species into one of nine threat
categories (Figure 1.21, p. 49, Appendix Al.2) based on a set of five criteria (A to E) focussed on
abundance and distribution (IUCN, 2012). Species are assessed against all categories and criteria
and to be assigned a threat category a species must meet the requirements of at least one of the
criteria — see Figure 1.22, p. 50, Appendix Al1.2 for the full criteria (Hallingback & Hodgetts, 2000).
A conservative approach is used meaning a species is assigned to the most threatened category it
fulfils e.g. if a species fulfils criteria A for Vulnerable but also fulfils criteria B for Endangered it is
categorised as Endangered (Hallingback & Hodgetts, 2000; IUCN, 2012), IUCN 2012).

Because bryophytes tend to be naturally rare and there is a lack of data, the IUCN Red List criteria
have been adapted for the assessment of bryophytes — see Figure 1.23, p. 51, Appendix Al.2
(Hallingback & Hodgetts, 2000; Ah-Peng, Wilding, et al., 2012; Sérgio et al., 2013). The criteria
which are harder to apply are A, C and particularly E (Population Viability Analysis) due to the lack
of data on populations, generation time and mature individuals (Hallingback et al., 1998). Six
additional categories can be applied to bryophytes (see Figure 1.21, p. 49, Appendix Al.2):
Regionally Extinct (RE) — when a species is extinct in the area of assessment but not globally
(Hallingback & Hodgetts, 2000); Least concern — attention (LC-att) when a species is not
threatened but is an important species in the bryoflora due to being a local endemic (national or
regional) or phytogeographically unique (Sérgio et al., 2013); Data Deficient — new (DD-n) species
that have been discovered in the ten years prior to the assessment and so there is insufficient
data for the region (Sérgio et al., 2013); Data Deficient — taxonomy (DD-t) when the species
taxonomy is not well known (Ah-Peng, Bardat, et al., 2012); Data Deficient — distribution (DD-d)
when there is a lack of distribution data (Ah-Peng, Bardat, et al., 2012); Data deficient — vanished
(DD-va) when, based on a recent revision of the species, it is likely the species does not exist in
the flora (this does not mean it is extinct, but that it likely was erroneously recorded for the area)
(Sérgio et al., 2013).

Red Listing provides a method of setting conservation actions for bryophytes, especially
considering other approaches (namely using umbrella, keystone, and flagship species) are harder
to apply. Although only 102 bryophyte species (about 0.5% of species) (Figure 1.13) are currently
listed on the IUCN World Red List (IUCN, 2016; IUCN SSC Bryophyte Specialist Group, 2016),
several regional and national Red Lists have been published advancing our knowledge on the
conservation status of bryophytes and the threats they face. The lists show that the number of
threatened species varies greatly between countries or regions e.g. 3.8% of liverworts and
hornworts are threatened in New Zealand compared to 9.5% in Reunion and 38% in Portugal
(Figure 1.14) (Fife et al., 2010; Ah-Peng, Bardat, et al., 2012; Sérgio et al., 2013, respectively). This
variation arises for several reasons including: difference in data availability for assessments
(including variation in research effort); different level and pattern of threats; presence of habitats
that are more threatened; inherent susceptibility to extinction of certain species or species groups
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(Hallingback & Hodgetts, 2000). Level of threat is not homogenous across species as certain
groups of species more threatened than others e.g. 50% of Portuguese endangered species (EN)
are found in Sphagnum communities (Sérgio et al., 2013).

100% 99.5 28:5 96.7 7.8 94.1 99.98 31.0 98.6
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

Percentage of species assessed

102 71 410 20652 33 18609

Bryo Alg Pteri  Gymno Angio Fungi Vert Invert

B Assessed Not assessed

Figure 1.13 Percentage of assessed vs. not assessed species on the latest World Red List for each major
plant and animal group. Number of species assessed shown at base of bars and percentage remaining to
be assessed at top of bars. Bryo - Bryophytes; Alg - Algae; Pteri - Pteridophytes; Gymno - Gymnosperms;
Angio - Angiosperms; Fungi - Fungi; Vert - Vertebrates; Invert - Invertebrates. For phyla included in the
plant groups, see Table 1.1. (Data compiled from: The Plant List, 2013; IUCN, 2016)

Though there has been progress in assessing the conservation status of bryophytes, they are still
far behind other taxonomic groups in global assessments, and along with algae and fungi, they
have less than 1% of their species assessed (see Figure 1.13). Overall, 6.3% of all land plant species
have been assessed (including bryophytes), up from 3.2% in 2007 (Brummitt et al., 2008).
However, all plant groups have less than 5% of their species assessed. An exception is the
gymnosperm group which has 92.2% of species assessed. Almost 70% of vertebrate animals have
been assessed, with some groups such as mammals with all species assessed, but only 1.4% of
invertebrates are on the Red List (IUCN, 2016). Although clearly many groups remain poorly
assessed, the Red List is an invaluable tool for monitoring changes in extinction risk and the Red
List Index (RLI) has been developed to track changes and trends in species’ threat (Butchart et al.,
2004). The underlying idea is that a set of species is repeatedly assessed at set intervals using the
IUCN Red List Criteria (IUCN, 2012) and an index is then calculated based on the threat category
the species are in; by comparing the index between assessments, changes in extinction risk can be
tracked (Butchart et al., 2004, 2007). The lower the index value, the more threatened the group of
species. Though the index works well for groups that have a high assessment completion rate, e.g.
birds, mammals and amphibians (IUCN, 2016), it is harder to apply to groups with large species
numbers and that have few assessed species, as is the case of plants (Brummitt et al., 2008). To
address this issue, the Sample Red List Index (SRLI) was developed (Baillie et al., 2008) which
calculates the RLI for a sample of species from an animal or plant group and uses that sample to
monitor trends for the group overall (Baillie et al., 2008; Brummitt et al., 2015).
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For plants, SRLI assessments have been completed for random samples of 1500 species from each
of the following groups: pteridophytes, monocots, legumes and all 1028 species of gymnospermes;
assessments are currently underway for bryophytes (Brummitt et al., 2015). In total 5528 species
have been assessed and have shown that about 22% of plants species are threatened with an SRLI
value of 0.86. As it stands, plants are more threatened than birds (SRLI value 0.91) but less so than
amphibians (SRLI value 0.76), although the level of threat varies between plant groups and
geographical regions (Brummitt et al., 2015). The index value calculated from the world bryophyte
Red List is low, 0.49, but species that are known to be threatened or with narrow ranges were
targeted so a low index value is expected. Values calculated from national Red Lists that have
assessed all species show great variation (Figure 1.14). Given that many bryophytes are
dependent on particular microhabitats and therefore have narrow habitat specificity, it will be
important to assess the level of threat they face. Plants from tropical regions are under greater
threat than those of temperate regions (Brummitt et al., 2015) and so the study of tropical
bryophytes is necessary not only for the sake of bryophyte conservation itself, but also to inform
on the state of biodiversity as a whole in the habitats they occupy.
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Figure 1.14 Percentage of threatened bryophyte species (bars) and Red List Index value (the closer to 1
the less threatened) of different recent Red Lists. The Ecuador Red List includes only endemic bryophytes.
Values on grey background are for liverworts and hornworts (L&H) only, as the Reunion checklist includes
only these phyla. REU- Reunion, NZ- New Zealand, Ire- Ireland, PT- Portugal. (Data compiled from: Fife et
al., 2010; Gradstein & Ledn-Vargas, 2011; Ah-Peng, Bardat, et al., 2012; Lockhart et al., 2012; Sérgio et al.,
2013; IUCN, 2016)

1.2.4 Conservation

Bryophytes have historically been overlooked in conservation actions due to a lack of knowledge
and awareness of bryophytes (Hallingbdck & Hodgetts, 2000). Although bryophytes are
widespread globally and locally abundant in certain ecosystems, the attention given to them in
the conservation and ecological literature has been minimal (Table 1.8). However, there has been
a marked upward trend in the prevalence of bryophyte conservation studies throughout the last
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20 years (Figure 1.15) as well as an increase in conservation studies in the bryophyte literature
(Table 1.8).

Table 1.8 Number of bryophyte-focussed articles in the conservation literature per decade from 1970 to
2017 and number of conservation-focussed articles in the bryophyte literature per decade from 1970 to
2017 - excluding book reviews and corrections. Data from a Web of Science search: conservation
literature data from thirty-three top-ranked conservation and ecology journals§ (excluding animal-specific
journals) using the ranking of (Bradshaw & Brook, 2016; Bradshaw, 2017); and bryophyte literature data
from bryophyte-specific journals*. Excludes book reviews and corrections.

Decade

1971-1980(1981-1990|1991-2000 | 2001-2010| 2011-2017

Conservation & Ecology journals®
Total number of publications 55 967 66 364 94 993 121083 100 230

Number of bryophyte publications 20 25 67 122 91

Bryophyte publications as percentage of all

C 0.04% 0.04% 0.07% 0.10% 0.09%
publications

Average number of bryophyte publications
per year 2.0 25 6.7 12.2 13.0

Bryophyte journals*

Total number of bryophyte publications 235 456 659 1139 750

Number of conservation articles 0 0 11 59 70

Conservation publications as percentage of

. 0% 0% 1.7% 5.2% 9.3%

all publications

Average number of conservation

publications per year 0 0 1.1 5.9 10.0
Total bryophyte conservation articles 20 25 78 173 154

$ Conservation and ecology journals included in the search (in alphabetical order): Annual Review of Ecology Evolution
and Systematics; Aquatic Biodiversity Conservation and Ecosystem Services; Aquatic Conservation Marine and
Freshwater Ecosystems; Basic and Applied Ecology; Biodiversity and Conservation; Biological Conservation; Biological
Invasions; Conservation Biology; Conservation Genetics; Conservation Letters; Current Biology; Ecological
Monographs; Ecology Letters; Environmental Conservation; Frontiers in Ecology and the Environment; Functional
Ecology; Global Change Biology; Global Ecology and Biogeography; Journal For Nature Conservation; Journal of
Applied Ecology; Journal of Ecology; Methods in Ecology and Evolution; Molecular Ecology; Nature; Nature Climate
Change; Oryx; Philosophical Transactions of the Royal Society B Biological Sciences; Plos Biology; Proceedings of the
National Academy of Sciences of the United States of America; Restoration Ecology; Science; Trends in Ecology
Evolution; Tropical Conservation Science.

* Bryology journals included in the search (in alphabetical order): The Bryologist; Bryology and Lichenology in Belgium;
Bryophyte Diversity & Evolution; Cryptogamie Bryologie; Cryptogamie Bryologie Lichenologie; Genomes and
Evolution of Charophytes Bryophytes Lycophytes and Ferns; Herzogia; Journal of Bryology; Journal of the Hattori
Botanical Laboratory; Molecular Systematics of Bryophytes; Lindbergia; Nova Hedwigia; Nova Hedwigia Beiheft 114;
Transactions of the British Bryological Society.

Some bryophyte-specific conservation measures have been devised and put into action, but
knowledge-gaps means that bryophytes in certain regions, particularly in Tropical regions (Figure
1.15) remain in need of urgent action (Hallingb&dck & Hodgetts, 2000). These knowledge-gaps arise
from a lack of resident bryologists, specimens (both historical and recent), literature and floras
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(Hallingback & Hodgetts, 2000; Ah-Peng, Wilding, et al., 2012). Hallingback & Hodgetts (2000, p.
viii) put forward the following seven actions to ensure the conservation of bryophytes:

1. increasing inventories in the tropics to determine bryophyte richness in
different regions and habitat types and to determine which species are locally
common, rare, or threatened;

2. establishing protected areas or national systems of protected areas where
endangered bryophytes occur;

3. incorporating bryophyte conservation in development and industrial activities;

4. comparing bryophyte floras of undisturbed and disturbed habitats to
determine the impact of disturbance, and to identify those species unable to
survive in disturbed areas. Without reliable information on the habitat
requirements of species, including information on the quality of the habitats, it
is impossible to determine appropriate conservation actions;

5. studying the taxonomy and distribution of individual species to determine how
species can be identified, to determine their ranges, and to help identify those
that are narrowly endemic (i.e., occur only within a small region);

6. training local people to become specialists. Because of the speed at which
natural environments are disappearing worldwide, this initiative is extremely
urgent and should be implemented immediately; and

7. creating user-friendly regional identification guides.
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Figure 1.15 Number of bryophyte-focussed articles in top conservation and ecology journals between
1970 and 2017 with the number of tropical studies also shown. The very high number of publications in
1992 relative to other years is due to the publication of the conference proceedings from the Symposium
on Endangered Bryophytes in Europe (September 24-28, 1990) in Biological Conservation (1992, 59:2-3);
25 articles alone were from this issue. Data obtained from a Web of Science search of thirty-three top-
ranked conservation and ecology journals (excluding animal-specific journals) using the ranking of
(Bradshaw & Brook, 2016; Bradshaw, 2017); excludes book reviews and corrections. See Table 1.8, p. 35
for list of journals.

The approach of using common species as indicators (Gaston & Fuller, 2008) could be perhaps
easily applied to bryophytes due to the lack of data for bryophytes e.g. 16% DD in Portugal; 33%
of Reunion liverworts and hornworts; 4% Ireland; 18% of mosses in New Zealand. The application
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of using common species in bryology could provide a more complete indication of bryophyte
status by complementing existing Red List assessments (Gaston & Fuller, 2007).

1.3 The study of bryophytes

The seven actions to conserve bryophytes put forward by Hallingbdck & Hodgetts (2000) mainly
concern improving the knowledge of bryophytes through species inventories (particularly in the
tropics), taxonomic studies, improving distribution data, and training local taxonomists. There has
been an increase in tropical bryophyte research in the last 30 years, which mirrors an overall
increase in tropical studies in the conservation literature (Figure 1.16). However, yet again this
research is geographically biased with most taking place in the Neotropics (Mervin & Nadkarni,
2001). Compiling a database with complete trait data for sufficient Malagasy bryophytes to
ensure a robust analysis would be beyond the time-frame of this PhD. Therefore, trait data from a
relatively well-known bryoflora, Portugal, is used in conjunction with Malagasy species to ensure
there are enough species for statistical analyses. A brief summary of bryology in Portugal is
presented to provide context for subsequent methodologies and analyses.
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Figure 1.16 Tropical-focussed publications in the conservation literature and bryophyte literature from
1970 to 2017 showing an increase since the 1990s in tropical studies. Data from a Web of Science search:
conservation literature data from thirty-three top-ranked conservation and ecology journals (excluding
animal-specific journals) using the ranking of (Bradshaw & Brook, 2016; Bradshaw, 2017); and bryophyte
literature data from bryophyte-specific journals. Excludes book reviews and corrections. See Table 1.8, p.
35 for list of journals.

1.3.1 Bryology in Madagascar

Madagascar’s unique flora has attracted many botanists throughout the centuries (Figure 1.17)
(Dorr, 1997) but few bryologists. Consequently, most botanical research has traditionally focused
on vascular plants with little mention of cryptogams in publications on the Malagasy flora; only
2.3% of plant science publications in Madagascar since 1970 have focussed on bryophytes (Table
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1.9). The latest synthesis of species diversity and richness in Madagascar does not include
bryophytes; although other cryptogams are listed: algae, ferns and diatoms (Goodman &
Benstead, 2003; see Table 1.13, p. 52 in Appendix A1.3).

Figure 1.17 17th Century engraving of the Madagascar Spiny Forest. Taken from Koechlin 1974.

Table 1.9 Number of cryptogam-focussed articles in Madagascar plant science publications between 1970
and 2017. Data from a Web of Science search of all Madagascar publications in the plant sciences subject
area (n=1494).

Number of Percentage of all
Group . R .
articles plant science articles
Bryophytes 34 2.3%
Ferns 69 4.6%
Algae 19 1.3%
Fungi 21 1.4%
Lichen 21 1.4%
Vascular 1330 89.0%

The first significant bryophyte collections were made by A. Pervillé in 1837 on the small island of
Nosy Be (off the northwest coast), followed by L.-H. Boivin in 1849, M. Borgen in 1874, J. M.
Hildebrandt in 1876 and M. Marie in 1878, the latter on the island of Ste. Marie (on the eastern
coast). Emile Bescherelle published a flora on the bryophytes of the nearby island of Réunion and
“other African Islands of the Indian Ocean” [translated from original French] (Bescherelle, 1880,
1881) using the collections of Pervillé and Borgen, along with a smaller collection by Bernier from
1835 (Bescherelle, 1880). One of the first efforts towards an overall understanding of the
Malagasy flora was Richard Baron’s publication “The Flora of Madagascar” (1889) although
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bryophytes are mentioned only in a footnote stating they “(...) are as yet very imperfectly known.
Of Mosses about 250 have been described (...)” (Baron, 1889, p. 251).

The first comprehensive bryological flora on Madagascar was published in 1897 by the French
bryologist Ferdinand Renauld (Renauld, 1897, 1909). He based himself on Bescherelle’s work but
included additional large collections from the following collectors: R.P. Camboué (1890-1894), G.
Chénagon (1890), Perrot (1890-1894), G. Arbogast (1891), L. Besson (1891-1892) and F. Sikora
(1891). Together with another French bryologist, Jules Cardot, Renauld published a flora specific
to Madagascar (Renauld & Cardot, 1915) within the monumental publication “Histoire Physique,
Naturelle et Politique de Madagascar [Physical, Natural and Political History of Madagacar]”, a 39
volume work published between 1875 and 1915 (Grandidier, 1885). This flora listed 550 species of
mosses (31 families and 130 genera) in 1915, of which over half were endemic, and provided a
description of their habitats in Madagascar. They state that the Malagasy Bryoflora, together with
that of the neighbouring Indian Ocean Islands, constitutes its own element due to the presence of
endemic genera and species. Because the collections used were made mostly by non-botanists
(usually soldiers or missionaries), few details were collected on their habitat making it difficult to
gain a true understanding of their ecology (Chevalier, 1922).

The french botanist Henri Perrier de la Bathie travelled throughout most of Madagascar over 25
years and included bryophytes in his collections (Chevalier, 1922). Based on his collections and
field observations, he published the first comprehensive description of the Malagasy vegetation
(Perrier de La Bathie, 1921), although there is little specific mention of bryophytes. When
classifying the flora into two types — “Wind Flora” in the East and Centre and “Sub-wind Flora”, in
the West — Perrier de la Bathie states that the former has abundant bryophytes and the latter
very few. These two “wind” zones correspond roughly to the major humid and dry climatic zones
of east and west Madagascar. The nomenclature refers to the eastern trade winds, which mediate
seasonal rains. Although many references are made to the abundance of epiphytes in certain
forest types, only vascular species are discussed. An exception is when he states that humid
forests at higher altitudes are covered in bryophytes and lichens; a moss carpet is mentioned in
the ‘Lichen forests’ of high altitude; and in Erica bushland, mosses and lichens are the dominant
epiphytes (Perrier de La Bathie, 1921). However, in his later publication on the biogeography of
Malagasy plants (1936), Perrier de la Bathie provides a summary of cryptogams including
bryophytes and lists literature on Malagasy bryophytes. He states that there have been few
studies on cryptogams as a whole, although bryophytes have received more attention than other
cryptogamic groups. Already at that time he remarked that the level of endemism in Malagasy
bryophytes was high, despite not yet being well known.

Although Perrier de la Bathie did not focus on bryophytes, between 1920 and 1932 H. Thériot
published a series of “contributions” to the Malagasy bryoflora, based on specimens sent to him
by collectors, particularly Perrier de la Bathie. His identification of specimens led to the total
species of mosses known rising to approximately 650 (Thériot, 1932). The amount of bryological
collection and research in the latter half of the 20" century decreased significantly compared to
the first half (Figure 1.18). In 1948 Jovet-Ast published biogeographical studies on both Malagasy
mosses and the long-neglected liverworts, listing 250 species of the latter (Léandri, 1952; Abbayes
et al., 1959). There was no significant bryophyte research undertaken in Madagascar until the
1970s.
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Figure 1.18 Total number of moss species described over time in Madagascar and Portugal. A slowing rate
of discovery since the early 20" century can be seen for Madagascar. The decrease in species number in
Madagascar from 1983 to 2006 is due to a revision of names yielding several synonyms (Crosby et al.,
1999). (Madagascar data compiled from: Hampe, 1874; Bescherelle, 1880; Baron, 1889; Renauld, 1897;
Renauld & Cardot, 1915; Thériot, 1930; O’Shea, 2006; Marline et al., 2012; Portugal data compiled from:
Vandelli, 1788; Sérgio et al., 2013).
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Figure 1.19 New moss (Bryophyta) names published between 1989-2009 per country. (Taken from:
Magill, 2010, figure 4, p. 171)

Missouri Botanical Garden has been undertaking botanical research, including bryophytes, in
Madagascar since the 1970s and has undertaken collecting expeditions at several locations.
Between 1989 and 2009 Madagascar had one of the highest number of new published moss
names in Africa, although still low compared to other tropical regions (Figure 1.19) (Magill, 2010).
Separate to this work by MBG, bryophyte research currently being conducted includes a much-
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needed checklist of the Malagasy bryoflora has been published and with it the hope of
“stimulating and facilitating” work in this area (Marline et al., 2012).

This latest checklist lists 1144 taxa — 751 mosses, 390 liverworts and 3 hornworts — of which
28.7% are endemic, a much lower endemism rate compared to other plant groups in Madagascar
as most groups have levels of 80% and above (Table 1.10). However, this rate of endemism is high
relative to other bryofloras e.g. 1.7% of all bryophytes in the Azores (Gabriel et al., 2011); 9% of
liverworts in Europe; 10% in Reunion (Ah-Peng, 2007). Madagascar has the highest bryophyte
species richness of all Indian Ocean islands (Figure 1.20), and also of other oceanic islands,
although it also has the largest area — however, the question of whether Madagascar should be
regarded as a continental landmass or oceanic island remains (Wit, 2003). It is likely this
endemism rate will decline as further studies are conducted on the Malagasy bryoflora — for
example, in 1915 the endemism rate was over 50% (Renauld & Cardot, 1915).

In their study of Malagasy inselbergs, Fischer & Theisen (2000) recorded several genera of
bryophytes from various habitats of the central highland. Species of Leucobryum, Polytrichum and
Frullania were found in the lichen forests (above 2000 m) and in wet flushes species of Philonotis
and Campylopus. However, when recording cryptogamic vegetation on rocks and boulders, many
lichen species were found but few bryophytes. At tropical latitudes it is uncommon to find many
bryophyte species on exposed lowland rocks due to domination by lichens and cyanobacteria
(Frahm, 2000).

It is interesting to note that no books describing the Malagasy vegetation types mention the large
expanse of coastal Sphagnum beds with Nepenthes species found along the southeast coast
(personal observation). Perrier de la Bathie (1921) describes a vegetation formation he calls
xerophytic “lawn” with rocks and boulders where there is a dense carpet of mosses and lichens
(one species of each is listed without naming each — most likely Sphagnum and Cladinia from
personal observation), but these are at altitude in the central plateau. No description exists of
these Sphagnum beds likely due not only to bryophytes being an understudied group but also to
that area of the southeast being understudied as the only access to this region is through a dirt
track that is periodically flooded during the wet season. There is also the possibility that this
coastal area used to have much greater forest cover (Fischer & Theisen, 2000; Goodman &
Benstead, 2003) and so these large areas of Sphagnum may not have existed when this region
was at its climax vegetation.

As well as a taxonomical bias, there has been a geographical bias in botanical collections with
most taking place in mid to high altitude humid forest and along main roads. This study therefore
focuses on lowland humid forest and further details on Madagascar’s biodiversity and its threats
are provided in Chapter 5.
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Table 1.10 Species richness and endemism among plant groups (families and phyla) and lichens in
Madagascar, ordered from highest to lowest percentage of endemics, showing that bryophytes have the
lowest endemism. Cryptogam groups are highlighted. Taken and adapted from Goodman & Benstead,
2003, Table 1, p. 74 except for: bryophyte data which is taken from Marline et al., 2012; lichen data
compiled from (Aptroot, 2016).

Group Eeremism Endemism S.pecies
species number % richness
Myristicaeae 10 100% 10
Balsaminaceae 149 100% 149
Pandanaceae (Pandanus) 99 100% 99
Poaceae (grasses), Bambuseae (bamboos) 34 100% 34
Melastomataceae 318 99% 321
Rubiaceae 637 98% c. 650
Arecaceae (palms) 167 98% 170
Sapotaceae 81 96% 84
Annonaceae 83 93% 89
Anacardiaceae 38 93% 41
Gentianaceae 62 93% 67
Bombaceae (Adansonia) 6 85-100%' 7
Euphorbiaceae mostly endemic c. 700
Leguminosae 459 80% 573
Moraceae (Ficus) 15 60% 25
Scrophulariaceae 40 51% 79
Pteridophyta (ferns & allies) 265 45% 586
Aquatic plants 128 38% 338
Bacillariophyceae (diatoms) some endemic 134
Bryophytes (mosses, liverworts & hornworts) 328 29% 1144
Marine algae not stated c. 200
Lichen unknown but >2% 500

1 One species may be naturalised
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Figure 1.20 Number of bryophyte species (circle size), area (log kmz) and distance to nearest mainland
(km) of oceanic islands and archipelagos. Circle size represents species number. Indian Ocean Islands are
indicated in grey. Seychelles represents only the 5 main islands of the Inner Seychelles; S. Tomé includes
Sdo Tomé and Principe.

1.3.2 Bryology in Portugal

Mainland Portugal, despite its relatively small size of 89 060 km?, has a diverse range of habitats.
It is located between 37° 42°N and 6.5° 9.5°W and most of continental Portugal lies in the
Mediterranean region, with a part of the North located in the Euro-Siberian region. Its location on
the south-western tip of Europe and position between the European continent and the Atlantic
means it has a high level of biodiversity. Its bryoflora comprises 65% of all Iberian species and 40%
of all European species (Sérgio et al., 2013). As part of the Iberian glacial refuge it is home to
several endemic lberian and rare European species (Sérgio et al.,, 2013). Portugal, like
Madagascar, is part of a biodiversity hot spot (Myers et al., 2000) and there is a recent flora
(Guerra & Cros, 2006) and Red Data Book (Sérgio et al., 2013) providing accurate and sufficient
information to complete the trait data for these species (see Chapter 3 for further details).

The first publication of Portuguese bryophytes was by D. Vandelli in 1788 but the oldest targeted
bryological collections in Portugal date from the beginning of the 19" century by the botanist Felix
Brotero who published the first Portuguese flora in 1804 (Sérgio et al., 2000, 2013). Since that
time until the beginning of the 20" century collections were few and tended to be located in the
same localities, referred to as “classical localities”. Towards the end of the 19" century and
beginning of the 20" new areas were explored and the first checklists of liverworts and mosses
were published in 1886 and 1889, respectively, by J. Henriques and together numbered 315
bryophytes (Sérgio et al., 2000). From 1980 the knowledge on the Portuguese bryoflora has
increased in depth and breadth with fieldwork being carried out in previously unstudied areas. In
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the 21% century there have been several bryological works (mainly PhD theses) that have added
to this knowledge, particularly in aquatic, saxicolous and epiphytic habitats (Sérgio et al., 2013).
For a complete history of bryology in Portugal see Sérgio et al., 2013.

Currently there are around 35 000 bryophyte specimen records held at Lisbon University
Herbarium (LISU), all of which are on an electronic database (BROTEROQ), and are accurately
georeferenced. Many of these specimens have been reviewed for various studies and during the
preparation of red lists and floras e.g. the Iberian Bryoflora and Portuguese Red Data Book
(Guerra & Cros, 2006; Sérgio et al, 2013). This provides us with a wealth of reliable spatial and
taxonomic data that can be used to answer ecological and conservation questions.

1.4 Summary

Bryophytes, though relatively understudied, are an important and diverse component of
ecosystems with around 20 000 extant species. Three plant phyla make up bryophytes: liverworts
(Marchantiophyta), mosses (Bryophyta) and hornworts (Anthocerophyta). The bryophyte life-
cycle is unique among land plants for having a dominant gametophyte generation, a characteristic
possibly retained from the first plant land-colonisers. Because of bryophytes’ small size, their
ecophysiology is particular and different to most other land plants, with moisture availability
being a limiting factor for many species. Included in this, is the mechanism of desiccation
tolerance (DT), which is almost exclusively found in bryophytes. Desiccation tolerance together
with a small size means that bryophytes can occupy harsh habitats and substrates that are not
available to most plants as they have the ability to efficiently utilise water in the form of water
vapour. Bryophytes are therefore highly dependent on microclimate and consequently, have a
high affinity to particular microhabitats. A wide range of ecosystem services is provided by
bryophytes ranging from biochemicals and genetic resources to climate regulation, nutrient
cycling and primary production, among many others.

The level of threat in bryophytes varies between countries and regions, but for areas that have
undertaken complete Red List assessments of the bryoflora, it has been found that a large
proportion of bryophytes are at risk of extinction. Although many bryophyte species are
inherently rare locally, extrinsic threats are numerous: habitat loss and degradation, pollution (air,
water, soil), invasive species, fire and forest management practices. The status of knowledge on
bryophytes is generally poor, with a large disparity between temperate and tropical areas,
although there has been a recent small but marked increase in tropical bryology research. One of
the main focuses of bryophyte conservation is improving the knowledge on bryophytes so that
effective management policies and actions can be put into place. This study will focus on the
bryoflora of Madagascar, which is understudied but likely highly threatened given the overall
threats facing Malagasy biodiversity.
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Appendix 1

Background to Bryophytes

Al.1. Background data

Table 1.11 Number of algae species in all divisions and classes. Taken from Guiry 2012, table 1, p. 1058

Phylum and classes

APPENDIX 1

Vernacular name Class total Phylum total
encompassed
Cyanobacteria Blue-green algae 3300
Cyanophyceae Blue-green algae 3300
Rhodophyta Red algae 6131
Bangiophyceae Bangiophytes 138
Cyanidophyceae Cyanidophytes 4
Pophyridiophyceae Porphyridiophytes 11
Stylenomatophyceae Stylonematophytes 25
Rhodellophyceae Rhodellophytes 5
Florideophyceae Florideophytes 5948
Glaucophyta Glaucophytes 14
Charophyta Charophytes 3470
Charophyceae Charophytes 690
Coleochaetophyceae Coleochaetophytes 18
Klebsormidophyceae Klebsormidophytes 39
Mesostigmatophyceae Mesostigmatophytes 14
Zygnematophyceae Zygnemophytes 2709
Chlorophyta Chlorophytes 4548
Bryopsidophyceae Bryopsidophytes 520
Chlorodendrophyceae Chlorodendrophytes 43
Chlorophyceae Chlorophytes 2292
Dasycladophyceae Dasycladophytes 50
Mamiellophyceae Mamiellophytes 16
Nephroselmidophyceae Nephroselmidophytes 26
Pedinophyceae Pedinophytes 22
Pleurastrosphyceae Pleurastrophytes 3
Prasinophyceae Prasinophytes 97
Siphonocladiophyceae Siphonocladiophytes 402
Trebouxiophyceae Trebouxiophytes 546
Ulvophyceae Ulvophytes 531
Cryptophyta Cryptophytesa 148
Cryptophyceae Cryptophytes 148
Haptophyta Haptophytesa 510
Coccolithophyceae Coccolithophorids 371
Pavlovophyceae Pavlovophytes 15
Incertae sedis 124
Cercozoa 12
Chlorarachniophyceae Chlorarachniophytes 12
Ochrophyta Ochrophytesa 11571
Aureanophyceae Aureanophytes 1
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Vernacular name

Class total

APPENDIX 1

Phylum total

encompassed
Bacillariophyceae Diatoms 8397
Bolidophyceae Bolidophytes 14
Chrysomoerophyceae Chrysomerophytes 4
Chrysophyceae Chrysophytes 431
Dictyochophyceae Dictyochophytes 51
Eustigmnatophyceae Eustigmatophtes 35
Pelagophyceae Pelagophytes 12
Phaeophyceae Brown algae 1792
Phaeothamniophyceae Phaeothamniophytes 33
Picophagophyceae Picophagophytes
Pinguiophyceae Pinguiophytes
Placidiophyceae Placidophytes
Raphidophyceae Raphidophytes 35
Schizocladiophyceae Schizocladiophytes 1
Synchromophyceae Synchromophytes 1
Synurophyceae Synurophytes 252
Xanthophyceae Xanthophytes 500

Choanozoa Choanoflagellates 79
Choanoflagellatea Choanoflagellates 79

Euglenozoa Euglenoid flagellates 1189
Bodonophyceae Bodonozoans 32
Euglenophyceae Euglenozoansa 1157

Loukozoa Loukozoans 3
Jakobea Jakobids 3

Metamonada Metamonads 5
Trepomonadea Trepomonads 5

Myzozoa Myzozoans 2277
Dinophyceae Dinoflagellates 2270
Perkinsea Perkinsids 7

Percolozoa Percolozoans 3
Heterolobosea Heterolobosids 3

Total 33260
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Table 1.12 Studies that have published early land plant phylogenies, in chronological order, with type of data used and colour coded according to which phylogeny topology
the study supports: light blue- A; purple- B; brown- C; red- D; green- E; orange- F; dark blue- G (see Figure 1.8, p. 12 for topologies).

Authors Year Data type Bryophytes fri::(:\;f;hytes lsai::::n:ll Topology Cited in
Mishler & Churchill 1984 Morphological Paraphyletic Mosses Liverworts E Goffinet, 2000
Bremer 1985 Morphological Paraphyletic Mosses Liverworts E Goffinet, 2000
Hori et al. 1985 Ribosomall Monophyletic ~ Bryophytes Tracheophytes A Goffinet, 2000
Garbary et al. 1993 Sperm ultrastructure Monophyletic ~ Bryophytes Tracheophytes A Goffinet, 2000
Mishler et al. 1994 18S Paraphyletic Liverworts Hornworts D Goffinet, 2000
Mishler et al. 1994 Morphological & 18S Paraphyletic Mosses Hornworts B Goffinet, 2000
Mishler et al. 1994 Morphological, 26S & 18S Paraphyletic Mosses Liverworts E Goffinet, 2000
Hedderson et al. 1996 18S Paraphyletic Mosses & Liverworts  Hornworts F Goffinet, 2000
Malek et al. 1996 cox3 Paraphyletic Liverworts Hornworts D Goffinet, 2000
Crowe et al. 1997 pbsA Paraphyletic Mosses & Liverworts ~ Hornworts F Goffinet, 2000
Kenrick & Crane 1997 Morphological Paraphyletic Mosses Liverworts E Goffinet, 2000
Lewis et al. 1997 rbclL Paraphyletic Hornworts Liverworts C Goffinet, 2000
Maden et al. 1997 Sperm ultrastructure Monophyletic ~ Bryophytes Tracheophytes A Goffinet, 2000
g:r:kz)aa;)llia& 1998 Morphological Paraphyletic Mosses & Liverworts ~ Hornworts F Goffinet, 2000
Garbary.& 1998 Sporophyte Paraphyletic Liverworts Hornworts D Goffinet, 2000
Renzaglia

Hedderson et al. 1998 18S Paraphyletic Mosses & Liverworts  Hornworts F Goffinet, 2000
Qiu et al. 1998 Mitochondrial Paraphyletic Hornworts Liverworts C \I'\izl:zrerxzalila%ZO‘l 5
Duff & Nickrent 1999 19S Paraphyletic Mosses & Liverworts ~ Hornworts F Goffinet, 2000
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Sister to Sister to all .
Authors Year Data type Bryophytes tracheophytes land plants Topology Cited in
Nishiyama & Kato 1999 185, rocl, psaA, psaB, Paraphyletic Mosses & Liverworts  Hornworts B Goffinet, 2000
psbD, rpoC2
Renzaglia et al. 2000 Morphological & ontogeny  Paraphyletic Mosses & Liverworts  Hornworts B Goffinet, 2000
Renzaglia et al. 2000 Sperm ultrastructure Monophyletic ~ Bryophytes Tracheophytes A Goffinet, 2000
ey : Vanderpoorten
Nishiyama et al. 2003 Chloroplast DNA Monophyletic ~ Bryophytes Tracheophytes A & Goffinet, 2009
: . Vanderpoorten
Kelch et al. 2004 Chloroplast genome Paraphyletic Hornworts Liverworts C & Goffinet, 2009
: : : . Vanderpoorten
Qiu et al. 2006 Nucleotide Paraphyletic Hornworts Liverworts C & Goffinet, 2009
Mishler & Kelch,
Mishler & Kelch 2009 rooA, tRNA Paraphyletic Hornworts Liverworts C Zolgqer el
Karol et al 2010 Plastid genes Paraphyletic Hornworts Liverworts C Villarreal &
’ 9 phy Renzaglia, 2015
Chang & Graham 2011 Plastid genes Paraphyletic Hornworts Liverworts C Villarreal &
9 9 phy Renzaglia, 2015
Review of Qui et al., 2006 & . Villarreal &
Cox et al. 2014 Karol et al., 2010 Monophyletic ~ Bryophytes Tracheophytes A Renzaglia, 2015
Vill | &
Liu et al. 2014 Amino acid Paraphyletic Hornworts Liverworts € rarred
Renzaglia, 2015
. . : . Villarreal &
Liu et al. 2014 Mitochondrial Paraphyletic Hornworts Mosses G :
Renzaglia, 2015
Wickett et al 2014 Nudl lysis1  Paraphyletc M Hornwort B Villarreal &
ickett et al. uclear genes - analysis araphyletic osses ornworts Renzaglia, 2015
Wickett et al 2014 Nudl lysis2  Monophyletic ~ Bryophyt Tracheophytes A Villarreal &
ickett et al. uclear genes - analysis onophyletic ryophytes racheophytes Renzaglia, 2015
. : . . Villarreal &
Wickett et al. 2014 Nuclear genes - analysis 3 Paraphyletic Hornworts Liverworts C

Renzaglia, 2015
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CHAPTER 2 — DESICCATION TOLERANCE & BRYOPHYTE TRAITS

Al.2. Red list categories and criteria

IUCN Bryophyte Categories

Extinct (EX)

Extinct In the Wild 4.“'-'4.,

Regionally Extinct (RE)

Critically Endangered (CR)

Endangared (EN)

Vulnerable (VU)

Near Threatened (NT)

Least Concern attention (LC-att)

Least Concam (LO)

Data Deficlent (DD)

iy e Data Deficient taxonomic (DO-1)

Data Deficient distribution (DO-d)

Data Deficient new (DD-n)

Data Deficient vanished (DD-va)

Not Evaluated (NE)

Figure 1.21 Outline of the IUCN Red List Categories and the additional categories (in red) that are used
when assessing bryophytes. Adapted from IUCN, 2012, Figure 1, p. 5.
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CHAPTER 2 — DESICCATION TOLERANCE & BRYOPHYTE TRAITS

A. Population size reduction. Population reduction (measured over the longer of 10 years or 3 generations) based on any of A1 to A4

|GiiticallyEndangeredl  Endangered Vulnerable
290%

A1 270% 2 50%

A2,A3 & A4 > 80% 2 50% 230%

A1 Population reduction observed, estimated, inferred, or suspected in (a) direct observation [exceptA3]
the past where the causes of the reduction are clearly reversible AND (b) an index of abundance
understood AND have ceased. appropriate to the taxon

A2 Population reduction observed, estimated, inferred, or suspected in the (¢) a decline in area of occupancy
past where the causes of reduction may not have ceased OR may not be based (AOO), extent of occurrence
understood OR may not be reversible. an sf)ft‘;;ne (EOO) and/or habitat quality

A3 Population reduction projected, inferred or suspected to be met in the fol%)wing: (d) actual or potential levels of
future (up to a maximum of 100 years) [(a) cannot be used for A3]. exploitation

A4 An observed, estimated, inferred, projected or suspected population (e) effects of introduced taxa,
reduction where the time period must include both the past and the future hybridization, pathogens,
(up to a max. of 100 years in future), and where the causes of reduction may pollutants, competitors or
not have ceased OR may not be understood OR may not be reversible. : parasites.

B. Geographic range in the form of either B1 (extent of occurrence) AND/OR B2 (area of occupancy)

_ Endangered Vulnerable

B1. Extent of occurrence (EOO) < 100 km? < 5,000 km? < 20,000 km?
B2. Area of occupancy (AOO) <10km? < 500 km? < 2,000 km?
AND at least 2 of the following 3 conditions:

(a) Severely fragmented OR Number of locations =1 <5 <10

(b) Continuing decline observed, estimated, inferred or projected in any of: (i) extent of occurrence; (ii) area of occupancy; (iii) area,
extent and/or quality of habitat; (iv) number of locations or subpopulations; (v) number of mature individuals

(c) Extreme fluctuations in any of: (i) extent of occurrence; (ii) area of occupancy; (iii) number of locations or subpopulations; (iv) number
of mature individuals

C. Small population size and decline

[CriticGliyEndangeredl  Endangered Vulnerable
Number of mature individuals <250 < 2,500 < 10,000
AND at least one of C1 or C2
25%in 3 years or 20%in 5 years or 10%in 10 years or
1 generation 2 generations 3 generations
(whichever is longer) (whichever is longer) (whichever is longer)

C1. An observed, estimated or projected continuing decline
of at least (up to a max. of 100 years in future):

C2. An observed, estimated, projected or inferred continuing
decline AND at least 1 of the following 3 conditions:
(a) (i) Number of mature individuals in each subpopulation <50 <250 < 1,000
(i) % of mature individuals in one subpopulation = 90-100% 95-100% 100%
(b) Extreme fluctuations in the number of mature individuals

D. Very small or restricted population

[GritiGiyEndangeredl  Endangered Vulnerable
<50

D. Number of mature individuals <250 D1. <1,000

D2. Only applies to the VU category
Restricted area of occupancy or number of locations with
a plausible future threat that could drive the taxon to CR
or EXin a very short time.

D2. typically:
- - AOO < 20 km? or
number of locations < 5

E. Quantitative Analysis

 Critically Endangered  Endangered Vulnerable

>50%in 10yearsor3 >20%in20yearsor5
generations, whichever generations, whichever
is longer (100 years is longer (100 years
max.) max.)

Indicating the probability of extinction in the wild to be: > 10% in 100 years

Figure 1.22 Summary of the five criteria (A-E) used to evaluate if a taxon belongs in an IUCN Red List
threatened category (Critically Endangered, Endangered or Vulnerable). Taken from IUCN, 2012, p. 28-29.
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CHAPTER 2 — DESICCATION TOLERANCE & BRYOPHYTE TRAITS

IUCN Criteria
(Adapted for Portuguese Threat categories
bryophytes) r 1
RE- Regionally Extinct, not observed since 1960
A
Population size reduction Not used for the evaluation of Portuguese bryophytes
B
Restricted distribution and in decline

m©

s @ = Km? / number of UTM - 10x10¢m - <100Km? (1) : < 500Km? (5) 11 <2000Km?(6-20)

- g 2 (sfter 1980) . " ! it SRORMELL

©| = 3 a -

Q 3 5 Number of localities [ 1 ][ 2.5 ] [ 6-20 ]
S| & 8 (after 1980)

P - O

g © 9o Declining Declining Declining

— @ S i ) .

-E Z < ) i)area of presence i)area of presence i)area of presence
LA b) Decline ii) area of occupancy ii) area of occupancy ii) area of occupancy
® o iii) quality of habitat iii) quality of habitat iii) quality of habitat

iv) number of localities iv) number of localities iv) number of localities
C
Small population end decline Not used for the evaluation of Portuguese bryophytes
o 1) <1000 individual populations
Very small or restricted populations 50 individual populations 250 individual populations o o o

NT- Near Threatened
LC-att- Special Attention

DD -Data Deficient

2) <100 Km? or < 5 localities

LC- Least Concern

DDn- Data deficient (new species for Portugal since 2001)

Figure 1.23 The adapted IUCN criteria used to evaluate if a bryophyte belongs in an IUCN Red List
threatened category (Critically Endangered, Endangered or Vulnerable). Adapted for the assessment of
Portuguese bryophytes by Sérgio et al., 2013 (Figure 40, p. 70, translated by Sarah Stow) based on

Hallingback & Hodgetts, 2000.
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Al.3. Madagascar species richness and endemism

Table 1.13 Species richness and endemism in certain phyla, classes and families of Malagasy flora and
fauna. Taken and adapted from Goodman & Benstead, 2003, Table 1, p. 74 except for bryophyte data
which is taken from Marline et al., 2012 and lichen data taken from Aptroot, 2016.

Group Richness Endemism
Non-marine plants 2984 2463 (83%)
Bryophytes (liverworts, mosses, hornworts) 1144 328 (29%)
Agquatic plants 338 128 (38%)
Bacillariophyceae (diatoms) 134 some endemic
Pteridophyta (ferns & allies) 586 265 (45%)
Annonaceae 89 83 (93%)
Myristicaeae 10 10 (100%)
Moraceae (Ficus) 25 15 (60%)
Bombaceae (Adansonia) 7 6 (85-100%)
Sapotaceae 84 81 (96%)
Leguminosae 573 459 (80%)
Melastomataceae 321 318 (99%)
Euphorbiaceae c. 700 mostly endemic
Anacardiaceae 41 38 (93%)
Balsaminaceae 149 149 (100%)
Gentianaceae 67 62 (93%)
Scrophulariaceae 79 40 (51%)
Rubiaceae c. 650 637 (98%)
Arecaceae (palms) 170 167 (98%)
Pandanaceae (Pandanus) 99 99 (100%)
Poaceae (grasses), Bambuseae (bamboos) 34 34 (100%)
Lichens 500 >11 but not yet assessed
Non-marine invertebrates 5808 4976 (86%)
Land vertebrates 879 739 (84%)
Amphibia (frogs) 199 197 (99%)
Reptilia (reptiles) 340 314 (92%)
Aves (birds) 209 109 (52%)
Mammalia (non-volant mammals) 101 101 (100%)
Mammalia (bats) 30 18 (60%)
Marine >5100 generally very low
Fishes (including elasmobranchs) c. 1110 very low
Marine algae c. 200 not stated
Porifera (sponges) >300 none
Cnidaria (corals & anemones) >400 very low
Octocorallians (soft corals sea fans etc.) 222 62 regional endemics
Hexacorallians (hard corals) 208 some regional endemism
Mollusca & Crustacea (molluscs & crustaceans) c. 2300 some regional endemism
Echinoderma (echinoderms) c. 400 >80 regional endemics
Chelonidae (sea turtles) 5 none
Mammallia (whales, dolphins, seals, dugongs) 28 none
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Chapter 2 Desiccation Tolerance & Bryophyte Traits

Abstract

Desiccation tolerance is a wide and fertile field of study with several books (Black & Pritchard,
2002; Jenks & Wood, 2007; Liuttge et al., 2011) and reviews available (e.g. Oliver & Bewley, 1996;
Alpert, 2005, 2006; Oliver et al., 2005; Wood, 2007; Proctor et al., 2007; Vitt et al., 2014) which
focus on particular plant groups as well as different aspects of desiccation tolerance. It is present
in a range of organisms but in the plant world is almost exclusively found in bryophytes. Species
with this mechanism are able to survive long periods of drought but recover full metabolic activity
once water is available. Bryophyte DT is conferred at a molecular level, but certain morphological
traits can indicate how desiccation tolerant a species is based on how they affect its
ecophysiology. Different bryophytes have varying levels of DT, including within the same habitat,
and so their distribution could be used to indicate changes to forest integrity and forest
bryophytes more susceptible to extinction could be identified based on their traits and DT level.
Although certain traits are related to the environment a species is found in and can indicate the
likely DT level of a species, this relationship is not clear-cut and needs further study, particularly
among tropical bryophytes.

2.1 “Drying without dying” — desiccation tolerance

Animal and plant life on earth began in the sea and despite their migration and adaptation to land
all terrestrial organisms still require water to survive (Alpert & Tuba, 2000). Water availability is
therefore a determining factor in where and how organisms live (Alpert & Tuba, 2000). To cope
with living in an environment which is mostly dry (global average is 77% relative humidity (NASA
& SSE, 2009)) terrestrial plants have developed three main adaptations to prevent damage as a
consequence of drought: 1) drought escape — increases their growth rate and productivity; 2)
drought avoidance — expands the range of conditions they can survive in and 3) desiccation
tolerance — expands the range of habitats they can survive in (Proctor, 2000a; Alpert & Tuba,
2000; Vanderpoorten & Goffinet, 2009). The latter is the strategy largely used by bryophytes.

Drought escape plants restrict their growth and reproduction to periods of the year when water is
available. Spores, seeds and vegetative propagules produced during periods of water availability
remain in the ground and resist the lack of water whilst the adult plant dies (Vanderpoorten &
Goffinet, 2009). Some annual bryophyte species living in dry climates employ this strategy (Table
2.1). Drought avoidance (or drought resistance) plants are able to maintain a higher internal
water balance than the external environment through the internalisation of water transport
(water conducting vessels) and a waterproof surface with stomata. There are some species of
bryophytes that have water conducting cells (hydroids) and others with large dead cells
(hyalocysts) that can hold water, but their ability to retain a high internal water balance is poor
(Vanderpoorten & Goffinet, 2009). Both these mechanisms are uncommon in bryophytes,
particularly drought avoidance, though some bryophytes exhibit characteristics of these strategies
(Table 2.1) such as a spore bank or completing their life-cycle when water is available (see
2.2.3.3.2 below, p. 79). Plants that rely on either of these strategies are referred to as desiccation
sensitive (Alpert, 2006).
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CHAPTER 2 — DESICCATION TOLERANCE & BRYOPHYTE TRAITS

Table 2.1 Bryophyte genera, with family in parentheses, that exhibit characteristics of drought-escape or
drought-avoidance strategies. (Vanderpoorten & Goffinet, 2009; Vitt et al., 2014)

Strategy Moss Liverwort
Physcomitrella (Funariaceae), Acaulon, Aloina,
Drought . . o
escabe Crossidium, Pterygoneuron (Pottiaceae), Riccia (Ricciaceae)
P Pleuridium (Ditrichaceae)
Campylopus, Leucobryum, Octobelapharum,  Anthelia (Antheliaceae),
Drought Paraleucobryum (Dicranaceae), Sphagnum Conocephalum
avoidance  (Sphagnaceae), Leucophanes (Conocephalaceae), Scapania

(Calymperaceae) (Scapaniaceae)

Desiccation tolerance (DT) is the “ability to reach equilibrium with air that is moderately to
extremely dry and then regain normal function after rehydration” (Alpert, 2005, p. 686); “drying
up without dying”, in its simplest terms (Proctor et al., 2007, p. 596). In order to do this, cellular
structure, certain proteins and genetic components must remain undamaged during dehydration
as well as hydration so that respiration and photosynthesis are restored soon after rehydration
(Proctor & Tuba, 2002). This mechanism was first noticed in rotifers at the beginning of the 18"
century but was only confirmed and accepted by the scientific community in the mid-19"" century
following further experiments (Alpert, 2000a). DT has since been documented in a wide range of
small organisms such as bacteria, protozoa, nematodes, tardigrades, crustaceans, fungi (including
yeasts and lichens) and plants (Treonis, 2005; Alpert, 2006). It is prevalent in bryophytes and
lichens (currently classified as fungi) with most species in these two groups exhibiting some level
of DT (Table 2.2) (Tuba et al.,, 1998; Alpert, 2000a). It can be considered a very successful
adaptation strategy due to the presence of bryophytes in almost all habitats on earth, including
microhabitats that tracheophytes cannot inhabit (Proctor, 2012). Although DT in bryophytes has
been the subject of research since the early 20" century (Proctor & Smirnoff, 2000; Wood, 2007),
the ability of bryophytes to inhabit dry habitats and survive drought has long been noticed;
Francis Bacon made several observations of instances where there was insufficient moisture for
plants to germinate but ‘moss’ would grow (Bacon, 1627, p. 139).

2.1.1 How many species are desiccation tolerant?

Although DT is present in all plant phyla, except gymnosperms (Table 2.2), less than 0.1% of
angiosperms have vegetative parts that are tolerant (vegetative DT) (Oliver, 1996; Alpert, 2000a;
Proctor et al., 2007; Gaff & Oliver, 2013). It should be noted that although most adult
tracheophytes do not exhibit DT, pollen (llling et al., 2005) and 90% of angiosperm seeds (Kranner
et al., 2008) are DT. Very few fern species are known to have vegetative DT (Table 2.2), but a
study on tropical fern gametophytes suggests that the gametophyte stage may be DT even if the
sporophyte stage is not (Watkins et al., 2007). However, as the dominant life-phase in
tracheophytes is the sporophyte stage, tracheophytes are considered DT if it is present in this
stage and therefore in their vegetative tissues.
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Table 2.2 Number of desiccation tolerant species per major taxonomic plant and fungi group, with
respective references for figures.

Group Sfusl:‘;:i:es ;c:;z:ntage of Reference

Algae 176 0.53 Gaff & Oliver 2013

Cyanobacteria 59 1.79 Gaff & Oliver 2013

Bryophytes 210 - Most 1-95 Wood 2007 - Alpert 2000
Gymnosperms 0 0 Oliver et al., 2000

Pteridophytes 64 - 1200 0.5-9.8 \Zl\éjt;i”s st al., 2007 - (Porembsld,
Fungi Some Alpert 2006

Lichen Most Kranner et al., 2008

Angiosperms 135 - 300 0.038 - 0.085 Sgﬁ& Oliver 2013 - Porembski,

The number of DT species varies between authors, see Table 2.2, with some citing only species
that have had their vegetative DT levels experimentally assessed although studies experimentally
assessing DT have focussed on a small number of species (Wood, 2007; Holzinger & Karsten,
2013). Wood (2007) provides a useful synthesis of bryophyte species that have been
experimentally assessed and found that fully-DT species (defined in this case as those that can
survive desiccation in extremely dry air for at least 6 hours, 0-30% RH) are found in 6 of 13
bryophyte classes. Moss orders and classes that have as yet not been found to have any DT
species are: Archidiales, Bryoxiphiales, Buxbaumiales, Funariales, Ptychomniales, Scouleriales
(Bryopsida), Andreaeobryopsida, Oedipodiopsida, Sphagnopsida and Takakiopsida; within the
liverworts there are no DT species in the Blasiales, Spaerocarpales (Marchantiopsida) or
Haplomitriopsida (Wood, 2007). It is likely, however, that most bryophytes have some level of DT
as suggested by studies looking at aspects of DT, but not directly assessing DT level (e.g. increased
DT induced in Funaria hygrometrica (Funariales) following exposure to ABA (abscisic acid) in
Werner et al., 1991) and by the fact that most bryophytes occupy periodically dry microhabitats
(Stark & Brinda, 2015a). Hornworts are not known to be DT and only one epiphytic species from
New Zealand, Dendroceros granulosus, has experimentally shown to be DT (Wood, 2007).
Altogether this yields only 1% of bryophyte species that have experimentally confirmed to be DT
(Wood, 2007; Oliver, 2009) showing that there is a large gap to fill in terms of quantitatively
assessing and measuring DT in bryophytes.

The presence of DT may be linked to size as most DT tracheophytes are perennial herbs (Alpert,
2000a). Also, DT tracheophyte species that are quickest to rehydrate following desiccation (1.5
hours) are the species of the small herb genus Craterostigma (Alpert, 2000a). One of the reasons
could be because low lying plants are exposed to higher temperatures (irradiation from the
ground) meaning that the usual drought avoidance mechanism used in other vascular plants, e.g.
closing stomata, is not suitable as it would not allow them to transpire (Proctor et al., 2007).

2.1.1.1 Evolutionary need for desiccation tolerance
The ability to lose cellular water and survive clearly provides protection in a dry environment,
albeit at the cost of limited growth and reproduction. The fact that many plant species are DT at
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some stage of their life cycle indicates that most land plants have retained the genetic potential
for DT (Proctor, 2009). The loss of vegetative DT in adult tracheophytes is thought to stem from
their migration into habitats less exposed to drought (Alpert, 2006) and the development of a
water conducting system together with a waterproof cuticle and stomata allowing them to
control their water uptake and loss more efficiently (Oliver et al., 2005) and continue metabolising
in times of water-stress (Bartels et al., 2011). Bryophytes, on the other hand, retained the ancient
trait of vegetative DT, the ability to dry out and suspend metabolic activity when water is scarce
(Proctor et al., 2007; Proctor, 2009). However, even within bryophytes species have different
levels of DT, ranging from those that are highly DT (e.g. Tortula spp.; Proctor et al., 2007) to those
that have a very low DT (e.g. Physcomitrella patens; Vitt et al., 2014). Generally, bryophytes of
drier and more exposed (xeric) habitats are more DT than those from more humid and sheltered
habitats (mesic). This range of DT is illustrated throughout section 2.2 and discussed in section
2.2.5, p. 80.

2.1.1.2 Geographical distribution

In angiosperms, DT species have an uneven global distribution and are mostly located in the
tropics: sub-Saharan Africa, Madagascar, western Australia and south America (Porembski &
Barthlott, 2000a). Within these regions, they are mostly found on rock outcrops (Porembski &
Barthlott, 2000a). On the other hand, DT bryophytes have a wide geographic distribution (Alpert,
2000a).

2.1.2 How tolerantis tolerant?

Tracheophytes normally have relative water contents (RWC) of between 85%-100% and begin to
die once RWC reaches 30%; DT tracheophytes have RWCs of between 5-13% (Gaff & Oliver, 2013).
Bryophytes can recover from RWC as low as 5% (Lakatos, 2011), similarly to lichens (Kranner et
al., 2008). It is estimated that metabolism ceases when there is 0.1g water per 1g of tissue and so
DT bryophytes can be quantitatively defined as those that survive “drying to 10% water content
or less” (Alpert, 2005, p. 686, 2006). Damage caused by desiccation is varied (see table Table 2.4,
p. 64 for more details) but centres around oxidative damage due to production of oxygen reactive
species and disintegration of cellular structures.

Ecologically, DT mechanisms can be classified as constitutively DT (CDT) - they can survive rapid
drying with minimal damage - or inducibly DT (IDT) — they require slow drying in order to minimise
damage and can be considered to go through a hardening process (Stark et al., 2014; Stark &
Brinda, 2015a). Put simply, CDT species recover fast following desiccation as the mechanisms are
already in place, whereas IDT species recover slowly. Bryophytes have been considered to be
mostly CDT with a few species considered to be IDT as they cannot escape damage following rapid
drying (Proctor et al., 2007; Oliver, 2009). Recently, however, this has been questioned due to the
fact that IDT bryophytes that have been hardened in the field appear to be CDT whereas in fact
they are IDT species whose DT mechanisms were induced in the field; this raises the suggestion
that specimens should be acclimatised in the laboratory before measuring DT and that IDT
bryophytes may be more common (Stark et al., 2014).

DT tracheophytes differ from lichens and bryophytes in that most can survive desiccation only if
the water loss is gradual - they are IDT - while lichens and several highly DT bryophytes are able to
survive rapid rates of water loss (Oliver et al., 2000; Stark & Brinda, 2015a). However, even in
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highly DT bryophytes (those that can survive desiccation in “extremely dry air (0-30% RH)” (Wood,
2007, p. 165), rapid drying can cause more damage than slow because of the shorter time
available to activate protection mechanisms (Oliver & Bewley, 1996; Alpert, 2006; Proctor et al.,
2007; Oliver, 2009; Stark & Brinda, 2015a). Further, while DT bryophytes are able to resume
metabolic activity within minutes of rewetting (Proctor & Tuba, 2002), recovery in DT
tracheophytes takes much longer, from several hours to days (Alpert, 2000a). For further details
on the differences between tracheophytes and bryophytes, Proctor and Tuba (2002) provide a
comparison of water relations and Oliver and Bewley (1996) provide a review on metabolic
processes.

Some bryophyte species show survival in extreme conditions under laboratory experiments (Table
2.3) but it is unlikely such extreme survival occurs in the field (Alpert, 2000a) and so is of limited
use for investigating the real level of bryophyte DT in the field. Although present in many habitats,
bryophytes do not occur in areas without regular precipitation (Proctor et al., 2007) and so
extreme conditions of drought simulated in the laboratory are not a true depiction of the
environmental extremes experienced by bryophytes. There have been a few studies investigating
DT directly in the field (e.g. Proctor, 2004; Stark et al., 2005; Léon-Vargas et al., 2006) and the
longest period without precipitation was 191 days (Stark et al., 2005). As a result of these studies,
a more accurate method for assessing bryophyte DT in the field is to conduct experiments with
alternating short wet and dry periods of days to minutes (Proctor et al., 2007).

Table 2.3 Survival of mosses in extreme environmental or temporal conditions. (Taken and adapted from
Alpert, 2000a, Table 1, p. 8, with new data added).

Envi tal E
Species nwron‘rrjen @ xRosure Test for survival Source
condition time
Syntrichia ruralis ~ -198°C 24 hours RNA and protein
synthesis
Grimmia & Less than 0.05°C 2 hours Alpert, 2000
Barbula (leaves) above absolute zero
Riccia Air dry (herbarium) 23 years New cells at apices
macrocarpa
Grimmia Air dry (herbarium) 7-10 years New shoots or 7)(Keever,
laevigata protonema 1957)
Racomitrium 32% RH : Recovery of Tuba et al.,
b ear .
lanuginosum y photosynthetic 1998
function
. Recovery of Tuba et al.,
Andraea rothii 32% RH 1 year )
photosynthetic 1998
function
Syntrichia 2.4% RH 6 years Metabolic activity & Oliver et al.,
caninervis new growth 2005
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2.2 What makes bryophytes desiccation tolerant?

The underlying biochemical and physiological mechanisms of DT are complex as evidenced by the
many studies on the topic. Bryophytes are one of the best studied plant groups in terms of DT
(Kranner et al., 2008; Holzinger & Karsten, 2013) with a number of studies addressing specific
aspects of bryophyte DT (e.g. molecular pathways: Werner et al., 1991; water relations: Santarius,
1994; Proctor et al., 1998; photosynthetic recovery: Proctor & Smirnoff, 2000; Proctor, 2003;
Ledn-Vargas et al., 2006; cytology: Pressel et al., 2009; Pressel & Duckett, 2010; morphology:
Proctor, 2004; Song et al., 2015) as well as several recent reviews (Proctor, 2000b, 2009; Proctor
& Tuba, 2002; Oliver et al., 2005; Glime, 2007; Proctor et al., 2007; Oliver, 2009). This section
outlines the main aspects of bryophyte physiology that relate to DT. The physiological processes
involved in DT have been well documented, and detailing them all is beyond the scope of this
thesis. Therefore the main physiological processes are outlined — water intake, gas exchange and
photosynthesis — and how they are affected by desiccation. A brief summary of the biochemical
molecular mechanisms involved in desiccation is presented as this is the level at which DT is
conferred (Oliver, 2009); it will also provide an understanding of the challenges bryophytes face
when drying out. The relationship between DT and morphological traits is reviewed, as these are
the most pertinent to this study, with a more detailed description of how morphological traits
affect DT (section 2.2.3), as well as life-history and ecological characters. Finally, the methods
used to quantitatively measure DT in bryophytes and how they are used to define the different DT
levels exhibited by bryophytes are summarised.

2.2.1 Physiological ecology

Most studies on bryophyte physiological ecology have focussed on bryophytes of temperate
forests and regions but there has recently been an increasing number of studies on tropical or
temperate rainforest bryophytes (e.g. Proctor, 2004; Ledn-Vargas et al., 2006; Pardow & Lakatos,
2013; Song et al., 2015). As mentioned above, responses to desiccation are complex and vary
according to drying speed, length of time exposed to desiccation and environmental conditions
(Proctor et al., 2007; Oliver, 2009; Stark et al., 2014). Level of DT varies between species but can
also vary between populations of the same species and even across generations (Oliver, 2009)
Oliver et al. 1993 in (Alpert, 2000a). Respiration seems to be less affected by desiccation than
photosynthesis and so measuring photosynthetic performance could be a better indicator of a
species DT level (Holzinger & Karsten, 2013). Essentially, the goal of metabolic processes is the
accumulation of carbon (net carbon gain) through photosynthesis; the water relations and gas
exchange outlined below come together with light capture and microclimatic variables to
determine the photosynthetic and respiration rate of bryophytes.

2.2.1.1 Water interception, conduction and storage

As water is a requirement for photosynthesis, the ability of bryophytes to intercept and store
water is central to their physiology. Their interaction with water is defined by the fact that they
are poikilohydric — unable to regulate their water content — a trait retained from the first
terrestrial plant colonisers (Bates, 1998). Whereas other major land plant groups have lost their
poikilohydry, bryophytes have maintained this in part because this is an optimal strategy for their
size (Tuba et al., 1998; Proctor et al., 2007; Proctor, 2009) although it exposes them to regular
desiccation (Proctor, 2009; Lakatos, 2011). There is also a trade-off between surviving desiccation
by suspending metabolism, and growth and reproduction. Their lack of a comprehensive vascular
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system is explained by the fact that, for small organisms such as insects, lichens and bryophytes,
surface tension is a greater force than gravity so equilibration with surrounding air is the optimal
strategy (compared to the water pumping of other plants) (Proctor et al., 2007). Bryophyte
poikilohydry means that their physiology is directly controlled by the ambient air humidity (Bates,
1998; Proctor, 2009) and enables them to utilise water vapour (fog) as well as liquid water (dew
or rain) (Barkman, 1969; Lakatos, 2011; Song et al., 2015). Bryophyte water loss rates are
therefore dependent on the ambient relative humidity (Oliver, 2009) as well as the boundary
layer surrounding the plant which affects the gaseous diffusion of water (Proctor & Tuba, 2002).

Despite sometimes possessing conductive tissues (e.g. in the genus Polytrichum (Proctor et al.,
1998), water conduction takes place mostly in the external capillary spaces of the plant —
bryophytes are ectohydric (Proctor, 2009; Lakatos, 2011). These external interconnecting capillary
spaces are found in various places: between leaves, rhizoids, tomentum, paraphyllia, papillae and
between shoots (Proctor, 2009). Their lack of cuticle and thin leaves/thalli (with the exception of
some species such as in the Polytrichaceae) allow them to take in water throughout their whole
surface (Proctor, 2009; Vanderpoorten & Goffinet, 2009). Within the bryophyte tissues, water
conduction is through diffusion between cells and within cell walls, similarly to small
tracheophytes (Proctor, 2009).

Bryophyte water content is composed of apoplast (within cell walls and between cells), symplast
(within cells e.g. hyalocysts in Sphagnum species) and the external capillary water (Dilks &
Proctor, 1979; Proctor et al., 1998; Proctor & Tuba, 2002). Unlike drought-tolerant plants (e.g.
succulents) that store symplast water, most water in bryophytes is stored in the external capillary
spaces (Proctor & Tuba, 2002) and this external capillary water is equally important in physiology
(Proctor, 2009). External capillary water acts as a buffer allowing bryophytes to remain at full
turgor (and therefore at maximum photosynthetic rate) for a period of time after atmospheric
humidity has decreased (Proctor & Tuba, 2002); consequently the time spent “wet” and “dry” is
less than in tracheophytes (Proctor, 2009). Once external capillary water is lost, cell water
potential decreases and metabolic processes will cease (Proctor & Tuba, 2002). Bryophytes that
have low water storage capacity will cease photosynthesis rapidly, in relation to species that are
able to store greater amounts of water in their capillary spaces (Proctor, 1990; Song et al., 2015).
The water relations of bryophyte cells are similar to those in other plants (Figure 2.1) (Proctor &
Tuba, 2002; Proctor, 2009) but bryophytes can have extremely high water contents — up to 2000%
of their dry weight — and osmotic potential at full turgor is usually between -1.0 to -2.0 MPa,
though they can reach -9 to -10 MPa (Barkman, 1969; Proctor et al., 1998; Proctor, 2009).
Bryophytes experience turgor loss at between 60% — 80% of RWC (Proctor et al., 1998). A species’
level of desiccation is quantified in the literature as the minimum external water potential (MPa)
or relative humidity (%) a bryophyte can survive (Oliver, 2009).
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Figure 2.1 Cell water relations depicted by the Hofler diagram showing the relationship between external
water potential, cell water potential, cell osmotic potential and turgor pressure. The water potential of a
cell is the sum of its osmotic potential and turgor pressure. When in full turgor the cell’s osmotic
potential is balanced by the turgor pressure of the cell wall and it is in equilibrium with the external
water potential. The cell’s water potential is therefore 0 MPa. The water held in the plant’s capillary
spaces is shown by the grey dotted line, and occurs when cell water potential is zero as no more water
can pass into the bryophyte’s cells. As the amount of external water decreases, turgor pressure decreases
and causes the initial decrease in cell water potential, as well as a reduction in cell volume. Osmotic
potential becomes negative, and when the plant’s turgor loss point (green dashed line) is reached, the
cell water potential and osmotic potential are equal (purple). Based on data measured from the leafy
liverwort Porella platyphylla. Taken and adapted from Proctor 2009, fig. 6.1, p. 240.

Water potential of bryophyte cells is correlated with the cell wall thickness to lumen ratio
(Proctor, 2009), in other words species with small, thick-walled cells have less negative osmotic
potentials. Other morphological traits play a role in water relations and are discussed in section
2.2.3, p. 65. There does not seem to be a pattern between osmotic potential of a species and the
humidity of the habitat they occupy but relative water content when in full turgor (as percentage
of dry mass) tends to be greater in species of humid habitats (Proctor, 2009). Poikilohydry and
ectohydry allow bryophytes to lose and gain water quickly, in contrast to most tracheophytes,
which has implications for respiration and photosynthesis, as well as for DT (Proctor & Tuba,
2002; Proctor, 2009). Although water is vital for metabolic processes, having the leaf surface
completely covered by water would prevent gas exchange (Proctor, 2009; Vitt et al., 2014),

another fundamental component of photosynthesis and respiration.

2.2.1.2 Gas exchange
On entering plant cells from the atmosphere, CO, needed for photosynthesis faces two resistance
mechanisms: “liquid-phase diffusive resistance” in cell walls and cytoplasm (due to water leaving
cells in the opposite direction) and “carboxylation resistance” in the chloroplasts (Proctor, 2009).
There is therefore a trade-off between water uptake and gas exchange, as shown by the changes
in photosynthetic rate as water content changes (Figure 2.2), with water content limiting CO,
absorption (Zotz et al., 2000). However, if CO, concentration increases, high water content is no
longer a limiting factor (Glime, 2007). To reduce liquid-phase diffusive resistance, bryophytes tend
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to have relatively high leaf-area index values (total leaf area/plant occupied area) and can
increase this through morphological structures such as lamellae, papillae or wax which keep
surface areas free of water (Proctor & Tuba, 2002; Proctor, 2009; Vanderpoorten & Goffinet,
2009).
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Figure 2.2 Changes in net photosynthesis at different water contents (% dry weight) in the moss Grimmia
pulvinata. An optimum photosynthetic level is reached between 200-400% water content illustrating the
trade-off between water and gas exchange. (Taken from Zotz et al., 2000, figure 5, p. 63.)

2.2.1.3 Light

Although water is a determining factor in DT, light also contributes to bryophyte response (Seel et
al., 1992a; Marschall & Proctor, 2004). Bryophytes have to adapt to both extremes of light
availability: being able to photosynthesize at low light levels and prevent damage at high light
levels (due to oxidation (Oliver & Bewley, 1996). Light as used in this thesis refers to the amount
of insolation (incident solar radiation) that is available for photosynthesis and is measured as the
amount of photons: Photosynthetic Photon Flux Density (PPFD, pmol m™s™). In order for light to
enter cells (in the form of photons), surface area must be available. The light levels required for
bryophytes to achieve net positive photosynthesis, the light compensation point, are
comparatively lower than those in tracheophytes (often 20% of full sunlight available (Marschall &
Proctor, 2004)). Similarly, the light saturation point (the point at which no more photons can be
accepted by the photosynthetic apparatus) is lower, it usually occurs at about 600 pmol m™ s™
(Vanderpoorten & Goffinet, 2009) but can reach 1000 umol m™ s™ (Proctor, 2004); full sunlight is
around 1800 pmol m™ s™. Bryophytes of wet habitats tend to have higher light saturation levels
than those of dry habitats (Vanderpoorten & Goffinet, 2009). When in high light conditions, there
is an increase in heat particularly close to the ground or substrates due to irradiation; this is
therefore a problem for bryophytes with their small stature (Proctor & Tuba, 2002). Oxidation can
also reduce the amount of chlorophyll pigments, photobleaching, causing damage to the
photosynthetic apparatus (Seel et al., 1992a). Bryophytes can prevent heat damage at the
molecular level (e.g. dissipating energy as heat by non-photochemical quenching (NPQ), see 2.2.2
below) and also at the morphological level by curling their leaves when drying (Porembski &
Barthlott, 2000b; Alpert, 2006). However, the level of light even the most DT bryophytes can
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survive is limited as noted by Frahm (2000) when observing the absence of bryophytes on
exposed lowland rocks.

CO, diffusion is limited by light as well as by the amount of external surface covered in water
water (Proctor, 2009). Species of exposed habitats tend to tolerate higher insolation thresholds
than forest species as well as having larger leaf areas and higher chlorophyll a and b contents
(Proctor, 2009). Within forests, species with higher NPQ are found in areas where light intensity is
greater (Proctor, 2004). It has been shown that the recovery of photosynthetic ability varies
depending on whether species are from dry, exposed habitats or humid, sheltered ones (Proctor
& Smirnoff, 2000; Proctor, 2009), providing a potential use as indicators of habitat change. NPQ
values are higher in bryophytes from exposed, dry habitats due to the higher insolation levels
requiring them to use heat dissipation to protect cells from oxidative damage (Proctor, 2009).
Several studies have found that respiration rate changes less with different water contents when
compared to photosynthetic rate (Proctor, 2009).

2.2.1.4 Micro-climate variables

Water loss is the governing factor for bryophyte growth, reproduction and survival and is affected
by relative humidity (RH), insolation and wind (Seel et al., 1992a; Oliver, 2009). The small size of
bryophytes means they live within the boundary layer, either of the bryophyte colony or of their
substrate, and therefore the physics of wind currents apply differently to bryophytes than in
tracheophytes (Proctor, 2009). Evaporation increases with wind speed and the rate of water loss
is slower when the air flow is laminar than when air flow is turbulent (Figure 2.3) due to the
decreases in the thickness of the boundary layer (Proctor, 1990). This has implications at the
macro- and micro-habitat scale as bryophytes of dense canopy forests will be exposed to lower
wind speeds than those in forests with canopy gaps (such as in disturbed forests) (Proctor, 2012).
Within a habitat, bryophytes on the lower trunk will also be exposed to lower wind speeds than
those in the upper trunk and canopy. In terms of water availability, it is the frequency of humidity
rather than the amount that is most important for bryophytes in forests (Ledn-Vargas et al.,
2006); this clearly has implications at the microhabitat level due to the variation in microclimate
variables mentioned.

At high temperatures, the photorespiration rate, which uses carbon, is greater than the
photosynthetic rate reducing productivity and making it energetically inefficient to remain
metabolically active at high temperatures (Glime, 2007). Bryophytes of dry and exposed habitats
will desiccate faster and so become metabolically inactive quicker than those that occupy humid
and sheltered habitats (Proctor & Tuba, 2002; Proctor, 2004; Song et al., 2015).
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Figure 2.3 Schematic diagram showing relative bryophyte water loss and boundary layer thickness in
relation to wind speed. A- At low wind speeds the colony acts as a leaf and evaporation is low; air-flow is
laminar. B- As wind speed increases so does evaporation rate, the bryophyte surface generates
turbulence and evaporating area increases due to decreasing boundary layer; air-flow is turbulent. Water
loss increases at lower wind speeds in bryophyte colonies with rougher surfaces. Drawn with information
from Proctor 2009.

2.2.2 Biochemical molecular mechanisms

Alpert (2006) and Oliver (2009) provide detailed reviews of the damage caused to organisms and
bryophytes, respectively, by drying and the mechanisms employed to prevent or repair the
damage. Most of the knowledge on molecular mechanisms comes from studies on the highly DT
moss Syntrichia ruralis (Oliver et al., 1998; Proctor & Tuba, 2002) and mosses are much better
understood than liverworts (Pressel et al., 2009; Vitt et al., 2014). Some damage occurs as a result
of photosynthesis ceasing and others as a direct consequence of water loss (Table 2.4).
Bryophytes protect their tissues, and hence their metabolic processes, during desiccation but also
employ repair mechanisms following hydration (Oliver, 1996, 2009; Maxwell & Johnson, 2000;
Alpert, 2006) though these seem less numerous and critical than those in tracheophytes (Oliver et
al.,, 1998; Proctor & Tuba, 2002; llling et al.,, 2005). As the focus of this study is not at the
molecular level, a summary table of main effects and molecular processes is provided (Table 2.4).
The speed, exposure time and amount of desiccation in bryophytes is important in determining
the level of damage they sustain (Oliver, 2009). The main components involved in DT are: sugars,
protective proteins and antioxidants (Alpert, 2006; Oliver, 2009) although exactly how these
mechanisms confer DT is not yet fully known (Oliver, 2009). The extent to which these processes
are present and the speed at which they are ‘switched on’ determine a bryophyte’s response to
desiccation and hence its DT (Oliver, 2009). For example, in the highly DT Syntrichia ruraliformis,
there is a higher level of anti-oxidant enzymes than in the less DT Dicranella palustris (Seel et al.,
1992b).
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Some DT plants lose their chlorophyll and thylakoids (photosynthetic apparatus) when drying out,
others do not; they are termed poikilochlorophyllous and homoiochlorophyllous, respectively
(Tuba et al., 1998; Oliver et al., 2000; Porembski & Barthlott, 2000a). Each strategy has different
advantages: retaining chlorophyll reduces the amount of photo-oxidative stress but
homoiochlorophyllous species can survive rapid drying and recover photosynthetic activity faster
(Tuba et al., 1998; Oliver et al., 2000; Porembski & Barthlott, 2000a). Bryophytes tend to be
homoiochlorophyllous, and the photosynthetic apparatus is maintained through some of the
protective mechanisms listed in Table 2.4 (Proctor & Tuba, 2002). The maintenance of the
photosynthetic apparatus allows bryophytes to survive rapid cycles of drying and rehydration;
cycle lengths that tracheophytes are less likely to be exposed to as they cannot rehydrate from
water vapour or dew alone (Tuba et al., 1998; Proctor & Tuba, 2002).

Table 2.4 Main biochemical molecular mechanisms involved in DT of plants and their presence in
bryophytes according to latest research. Compiled from Proctor & Tuba 2002 and Oliver 2009.

Stage Mechanism Mole.cular protection or Damage/process Present in
repair process bryophytes
Slow drying induced by v
. L . es — some
production of abscisic acid Fast drying ,
(ABA) species
Supressing enzyme activity Reactive oxygen
following ceasing of species (ROS) Yes - a.mount
photosynthesis generated varies
Emitting energy from light as  Reactive oxygen .
heat (non-photochemical species (ROS) Yes — liverworts &
quenching, NPQ) generated mosses
o)
£ Constitutive Sugars.- sucrose content Hydrogen molecular Ves
o maintained bonds broken
< Cellular
%‘ Protection Sugars - biological glass Disintegration of
a) formation membranes and .
. Not verified
aggregation of
macromolecules
LEA proteins Enzymes denature Yes
(Late Embryogenesis Membrane
Adundant - proteins that disintegrates Yes
protect other proteins) Disordered cellular Voo
collapse
Ordered cell collapse due to Disordered cellular v
. es
microtubular cytoskeleton collapse
Control water re-entry into . No — angiosperm
¥ Fast rehydration 91osp
cells seeds
)
£ Induced Solute leakage from
© Recovery Rapid repair of cellular protoplasm due to Ves
o .
> andRepair  |eakage membrane
& Mechanism disintegration
Rapid recovery of cell Disordered cellular Yes
structure collapse
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Molecular protection or Present in
Damage/process

Stage Mechanism .
repair process bryophytes

Rapid recovery of protein
synthesis due to presence of  Protein synthesis

already transcribed protein metabolism slow to Yes

mRNA (transcribed during recover

dehydration)

Alteration of gene expression ) ) Yes
- - Protein synthesis

'LEA protein gene expression metabolism ceased Yes

increased

Rapid recovery of Photosynthesis slow Yes

photosynthesis function to recover

2.2.3 Bryophyte desiccation tolerant traits

Many definitions of “trait” have developed over time but a good definition is: “Any morphological,
physiological or phenological feature measurable at the individual level, from the cell to the
whole-organism level, without reference to the environment or any other level of organ.” (Violle
et al., 2007, p. 884). Traits are representative of how species biochemistry functions; for example,
photosynthesis is affected by water content and CO; intake and certain traits such as specific leaf
area (Albert et al., 2010) can maximise, or minimise, the amount of these.

Some studies have looked at how morphology relates to DT and environment, either
observationally or experimentally (Clee, 1937; e.g. Bischler & Jovet-Ast, 1981; Proctor, 1982,
2004; Song et al., 2015). As briefly mentioned in the previous section, although DT is conferred by
biochemical mechanisms, certain morphological traits can indicate how desiccation tolerant a
species is based on how they affect its ecophysiology i.e. water uptake and storage and surface
area available for gas exchange and light capture (Vanderpoorten & Goffinet, 2009; Vitt et al.,
2014). Technically, this is a type of drought-avoidance or drought-escape as they are using
morphology to avoid or reduce the effects of desiccation, whereas true DT is conferred at the
biochemical level. However, morphological traits are representative of how species biochemistry
functions e.g. photosynthesis is affected by water content and CO, intake and certain traits such
as specific leaf area (Albert et al., 2010) can maximise, or minimise, the amount of these.
Therefore species with traits that allow them to avoid/reduce desiccation effects (e.g. smaller leaf
size to reduce transpiration) will inhabit drier and more exposed habitats than species that do
not, and therefore their ecological DT is greater (Alpert, 2000b). Additionally, there is no strict
delimitation between DT and drought-avoidance in bryophytes (Vitt et al., 2014). Other factors
beside species traits affect the presence of species in particular habitats (e.g. environmental
factors, survival ability, competition and stochastic events), but DT of species also has an impact
on the likelihood of establishment (Bates, 2009; Rydin, 2009).

Morphological traits affect DT by essentially either prolonging metabolic activity when the
surrounding environment gets drier or reduce potential for damage due to desiccation or high
light levels. The traits discussed below are not an exhaustive list, but focus on those that are
present in many species, are observable at the light microscope level and have sufficient known
variability between species. They are discussed in the context of how they interact with water,
light capture and DT level, but it should be noted that certain traits may also play a role in other
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aspects of bryophyte ecology (e.g. protection against herbivory). The traits are divided into
gametophyte, sporophyte and life-history traits as they are different types of traits: gametophyte
traits are present throughout a bryophyte’s life-cycle and so are those most responsive to
environmental conditions; sporophyte traits are only present for a short period, if at all, and
inform reproduction success; and life-history traits inform species phenology (Violle et al., 2007).
For information on a wider range of morphological traits see the reviews in Glime (2007) which
provide a thorough overview and illustrative photographs.

2.2.3.1 Gametophyte traits

Most of the traits used in this study are gametophytic traits as this is the dominant life phase of
bryophytes, hence these traits are more exposed to the environment than sporophytic ones
(Hedendas et al.,, 2014) and so may be more representative of a bryophyte’s adaptation to
environmental conditions. It is also easier to find data on these traits than on sporophyte ones
due to the lack of sporophyte observation in some species and because some species rarely or
never produce sporophytes. The longer exposure to the environment also means that there is
wider plasticity in gametophytic traits (Hedenas et al., 2014) allowing for differences in species to
be found, which may not be there when looking at sporophyte traits. This is in slight contrast to
phylogenetic studies where sporophyte and gametophyte characteristics are used due to the
morphological variation displayed in both generations (Shaw et al., 2011). It is also likely that
bryophyte gametophytes exhibit a wider range of DT than their sporophytes, as demonstrated in
ferns (Watkins et al., 2007), and by the fact that liverwort setae dehydrate as soon as the spores
are released. The traits below refer to all three bryophyte phyla as many traits behave the same
way across the phyla, but where there are traits specific to a phylum these are indicated.

2.2.3.1.1 Plant colour

Although there have been no studies looking specifically at how bryophyte colour varies with
environmental conditions, it is known that certain plant colour can be associated with particular
environmental conditions due to changes in the ratios of photosynthetic pigments. In DT
tracheophytes of rocky outcrops, it has been observed that they turn a greyer colour when dried
out (Porembski & Barthlott, 2000a). When exposed to high light levels, bryophytes that are less
DT suffer a greater reduction in chloroplast pigments, known as photobleaching (Seel et al.,
1992a). Highly DT species vary little in pigment quantities or ratios (chlorophyll a:b) when
desiccated or not (Seel et al., 1992a) and chlorophyll content is higher in less DT bryophytes and
those of sheltered habitats (Seel et al., 1992a; Marschall & Proctor, 2004) giving these plants a
“greener” appearance. Yellow, orange, red or purple pigmentation could indicate species of more
exposed environments as carotenoid pigments provide photo-protection in mosses (Heber et al.,
2001). Sphagnum species of open habitats have been found to have higher concentrations of
these pigments (Rice et al., 2008). Liverworts of drier habitats tend to have darker colours, with
pigments protecting chlorophyll from high light levels (Proctor, 2010). Plant shine, i.e.
reflectiveness of light, has been suggested to provide photo-protection and some species of dry
and exposed habitats exhibit this trait (Glime, 2015a).

2.2.3.1.2 Life-form

Life-form is one of the morphological traits that has been most studied in relation to DT as it is

easily observable (Rice et al., 2001; e.g. Proctor, 2004; Song et al., 2015). A bryophyte’s habit or

form is influenced by the environmental conditions it is found in, meaning that this trait can

indicate the humidity and insolation of a bryophyte’s habitat and plays an important role in a
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species’ DT (Proctor, 1990; Kirschner et al., 1999). To describe a bryophyte’s form several
characters exist ranging from those at the small-scale level, e.g. position of leaves on the branch,
to the largest organization level i.e. how individual plants are arranged in the colony. These two
levels can be referred to as the growth-form and the life-form of a species, respectively, and it is
important to make the distinction between them. As defined by Bates (1998, p. 224) growth-form
refers to the “(...) positions of [a plant’s] growing points, its mode of branching, leaf orientation,
etc.” whereas life-form “(...) combines the features of growth-form with the assembly of shoots
into colonies and modification of the resultant form by local environmental conditions.” Several
authors also state that life-form is more determined by the ecology of a species (Bates, 1998). The
first published study on plant growth-forms was in 1806 by Alexander von Humbolt who produced
a broad classification of fifteen types. Since then there have been several life-form classifications
produced including ones specific to bryophytes. Magdefrau (1982) devised 9 categories for
bryophytes’ life-forms and this system, or an adaptation of it, is most commonly used. Both life-
form (Figure 2.4) and growth-form are used as traits in this study, but the characters that make up
growth-form are individually recorded and are discussed further below (see 2.2.3.1.4, p. 68).

Generalizations on the relationship between life-form and DT can be made, although there are
other factors that affect the relationship between environment and life-form and there is no strict
system for categorising life-form according to ecophysiology (Bates, 1998; Song et al., 2015).
Generally, DT decreases from: cushions, tufts and mats to dendroid, fan, pendant and weft
(Proctor, 2004). Species that have more tightly packed forms (e.g. cushions and smooth mats) can
slow down the loss of water from the plant due to maintaining the boundary layer (Oliver et al.,
2005) whereas ‘rougher’ and more open life forms create more turbulence in the air-flow around
a bryophyte and so evaporation is greater (Rice et al., 2001; Proctor, 2004, 2009). Although open
life-forms have higher evaporation rates than other life-forms (Proctor, 2004), the trade-off is that
the area for gas exchange and light capture is greater. As open life-forms tend to be found in
more sheltered areas where light levels are low they need to maximise surface area for light
capture, and as wind speeds are lower their exposure to evaporation will be lower also, so the
trade-off is worthwhile (Proctor, 2004; Song et al., 2015). Open forms have less external capillary
spaces and so water storage is minimal (Song et al.,, 2015), but again, as they are found in
sheltered habitats, water storage is not a priority as water is more available than in exposed
habitats due to higher humidities. Essentially, life-form is a trade-off between water interception
and storage and light capture (Proctor, 1990).

Globally, certain types of life-forms predominate at particular elevations and are related to the
varying humidity and insolation levels (Kiirschner et al., 1999). Lowland forests, where humidity is
lower, tend to be dominated by mat-forming bryophytes but species of the Calymperaceae and
Rhizogoniaceae families, which form cushions and tufts, can be found along forest edges and in
more open areas of forests (disturbed) (Kirschner et al., 1999). In forests at a higher elevation,
the higher humidity gives rise to species with weft, fan, dendroid and pendant life-forms and at
the highest elevation turf and cushion life-forms appear due to the decrease in humidity
(Ktrschner et al., 1999). Open forms (dendroid, fan, pendant and weft) are found in the more
sheltered areas of forests (Proctor, 2004).

2.2.3.1.3 Plantsize
The size of a plant will affect how it interacts with the environment and should be taken into

account when conducting comparative physiological or ecological studies (Proctor, 2000a; Zotz et
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al., 2000). Not much research has used bryophyte size as a variable when investigating species
traits and environment although one study found that larger plants tend to be found at higher
elevations, within the same species (Benassi et al., 2011). Walker & Preston (2006) use plant
height in their study of vascular plant extinction risk and found that most species that had
become extinct in their study region were short. Larger bryophytes may have a competitive
advantage, not only because they physically occupy a larger area, but also as they are able to

intercept a larger amount of moisture and if a branched form they reduce evaporation rates from
sheltered branches (Vitt et al., 2014).

Mat — thalloid

Mat - rough %

Turf - L,

iy
scattered ) )

S S AN
’ ,»;‘f;x?' 'f:,'.i.-'),‘.,
% fe“_:,fé’“' 5.,-_-

g ','/I'/

“/
Wy
/“y!

83

Al

Pendant Dendroid

Figure 2.4 Bryophyte life-forms. Sources for illustrations: Cushion: Frahm, 2003, p. 30; Dendroid:
Thamnobryum alopecurum, Casas et al., 2006, p. 314; Fan: Neckeropsis undulata, Magdefrau, 1982, fig. 2,
p. 50; Mat - rough: Ctenidium molluscum, Casas et al., 2006, p. 287; Mat — smooth: Lejeunea lamacerina,
Paton, 1999, p. 492; Mat - thalloid: Riccia crozalsii, Casas et al., 2009, p. 50; Pendant: Meteoriaceae,
Frahm, 2003, p. 30; Tuft: Astomum levieri, Casas et al., 2006, p. 157; Turf: Dicranum sp., Frahm, 2003, p.

30; Turf — scattered: Atrichum undulatum, Casas et al., 2006, p. 72; Weft: Hylocomium splendens, Casas et
al., 2006, p. 299.

2.2.3.1.4 Leaf characters

Bryophyte leaves are the part of the plant that interact most with the environment therefore it
may be expected that leaf traits would closely indicate environmental conditions. Their shape and
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structure affect water flow and accumulation. Water conduction between and along leaves is as
important, if not more important, for water relations of a bryophyte as cell to cell conduction
(Proctor, 2009). The leaf traits below were considered to be the most relevant to DT, either
because they are known in the literature to relate to DT or because it is thought they might.
Unlike life-form, many leaf traits have had less research in how they relate to DT or environmental
parameters. The term lamina (plural laminae) used in bryology refers to “the flat blade of a leaf
not including the nerve” (Casas et al., 2006, p. 324).

Leaf orientation and overlap

The orientation of leaves in relation to the stem (Figure 2.5) affects the amount of water a plant
can hold or how quickly it uptakes water following rehydration as well as playing a role in water
conduction by capillary action (Proctor, 2009). Species of arid habitats tend to have appressed
leaves when dry and then spreading leaves when hydrated (Vitt et al., 2014). This means a greater
surface area becomes exposed when water is available, increasing light capture and therefore
photosynthesis (Glime, 2015a). Leaf orientations closer to the stem (appressed, imbricate or
erect) may also hold more water than other orientations (Glime, 2015a). Orientation also affects
water loss rates due to the amount of stem that is exposed: water loss is reduced in species with
appressed or imbricate leaves (Vitt et al., 2014).

In liverworts, overlapping leaves are either succubous (upper leaves overlap lower leaves) or
incubous (lower leaves overlap upper leaves), Figure 2.5. It was first thought that this trait was
related to speed and direction of ectohydric water transport: water transport is faster in
succubous plants and direction of transport in these is from from base to apex, resulting in
succubous forms being more prevalent in habitats with water available substrate surface (e.g. soil
dwelling species) and incubous forms more prevalent in habitats where water comes from above
(e.g. epiphytic species) (Clee, 1937). However, leaf overlap is now considered more likely to be
related with water loss rates (due to exposure of the stem, similarly to leaf orientation) as well as
providing capillary space (Proctor, 2009; Vitt et al., 2014). Species with succubous leaves have
higher water loss rates as not only is more stem exposed, but leaves are not as appressed as in
incubous species (Vitt et al., 2014), and are therefore found in more moist and sheltered habitats
and have a lower DT level (Schuster, 1966).

Appressed or
Imbricate

\ Succubous Incubous
( 1’ Patent
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Reflexed or
L Squarrose

Figure 2.5 Schematic representation of the main leaf orientation and overlapping types. Source: Sarah
Stow.
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Leaf insertion

This trait applies to liverworts (as mosses overwhelmingly only have one insertion type); leaves
that are transversely inserted are able to trap more water than those that are longitudinally
inserted (Figure 2.6). The association of this trait with environment and DT is not clear-cut as
there exist both highly DT liverworts and species of exclusively moist habitats that have transverse
leaves (Vitt et al., 2014). Sheathing bases (in mosses) provide capillary space for water (Proctor et
al., 1998).

Figure 2.6 Schematic representation of main leaf insertion types in liverworts with relative amount of
water trapped (blue). A — Transverse; B — Longitudinal; C — Oblique. Source: Sarah Stow.

Leaf transverse profile shape

Leaf concavity aids water conduction and allows water to be retained on the bryophyte leaf
surface (Frahm, 2000; Proctor, 2009). This provides water for metabolic processes while allowing
gas exchange to take place on the convex outer leaf surface (Proctor, 2009). Pleats on leaves may
also help with water conduction and retention and are often found on species of harsh
environments (Vitt et al., 2014). Keeled leaves conduct water rapidly (Glime, 2015a) due to the
presence of capillary space created by the keel. A plicate lamina helps with desiccation by
reducing the area exposed and creating capillary spaces between the folds (Glime, 2015a).

lamina

J\i \O/ Koj \Q/
plane concave channelled keel plicate

Figure 2.7 Schematic representation of leaf transverse profiles. Source: Sarah Stow.
Leaf longitudinal profile shape

It is known in tracheophytes that curling leaves when dry protects the plant by exposing a smaller
leaf area to the drier atmosphere and higher insolation (Porembski & Barthlott, 2000a; Alpert,
2006; Proctor, 2010). It has also been shown to occur in bryophytes as a protection against high
heat levels due to high insolation levels (Proctor & Tuba, 2002) as several bryophytes of dry
habitats have curved or twisted leaves (Proctor et al., 1998). Leaves that are falcate or secund are
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associated with water retention (Vitt et al., 2014). The curling of leaves when drying also retains
water that is on the leaf surface, hence providing water for maintenance of metabolic functions
(Glime, 2015a).

Leaf lamina thickness

Although bryophytes are characterised by a single-cell thick lamina, some species are bistratose or
pluristratose (more than 2 cell layers thick) and these species are found in drier habitats (Vitt et
al., 2014). One suggestion is that a thicker lamina allows a species to tolerate drier environments
by reducing evaporative water loss due to the reduced surface to volume ratio and also provides
protection to photosynthetic cells (Vitt et al., 2014; Glime, 2015a). This is particularly the case in
species of the Dicranaceae family (e.g. Leucobryum and Octoblepharum species) that have large
hyaline cells (hyalocysts) surrounding chlorophyll filled cells (leucocysts).

Leaf apex

Leaf apices are the part of the leaf most exposed to environment, particularly light, as lower parts
of the leaf are usually covered by other leaves (Glime, 2015a). Hair points can affect the micro-
climate surrounding a moss, either by interacting with the air flow by increasing their boundary
layer (trapping air) or creating an albedo effect due to the white colour of these hairs (Proctor,
2009). This has implication for evaporative loss (reducing it by increasing the boundary layer) and
photo-oxidative damage (reducing it via the albedo effect). Hair-points also provide condensation
points for water vapour or collection points for dew allowing the plant to use small amounts of
moisture; this has been widely demonstrated to be a trait of bryophytes from very dry habitats,
both from field observations and environment manipulation experiments (Glime, 2015a).

Leaf surface

This refers to waxy deposits, cilia, papillae, hairs, lamellae and scales. Papillae (projections of leaf
cell walls) are perhaps one of the best studied leaf traits and have various interactions with water
and light: they can create capillary spaces for water transport and speed up leaf hydration
(Proctor et al., 1998; Crandall-Stotler et al., 2009; Vitt et al., 2014); they can provide a location for
gas exchange when their apices remain free of water (Proctor, 2009); they can increase the rate
of water loss allowing species to reduce stress on their metabolism while drying (Pressel et al.,
2010); and they reflect UV light providing protection at high light intensities (Glime, 2015a).
Papillae are usually found in species that occupy dry habitats (Proctor et al., 1998) but can also be
found in species of wet habitats (Glime, 2015a) suggesting they not only help with desiccation,
but also with excess water due to the capillary spaces they create or provide protection when
these species become exposed (Glime, 2015a). Scales (in liverworts) may also create capillary
spaces through which to draw water and are present in xeromorphic taxa (Riccia, Targionia,
Plagiochasma) that curl up when desiccated and are protected by the scales (Crandall-Stotler et
al., 2009).

Lamellae (Figure 2.8) increase the photosynthetic area available (Vitt et al., 2014) and also provide
a surface area free of water between the lamellae for gas exchange to take place (Proctor, 2009).
The air spaces created also reduce water loss (Glime, 2015a) although based on experiments
Marschall and Proctor (2004) conclude that they are more important for gas exchange. They are
usually found in species of dry and exposed habitats such as the Polytrichaceae family (Glime,
2015a).
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Figure 2.8 Transverse profile of Polytrichum commune showing lamellae. Copied and adapted from Casas
et al. 2006, fig. 8.14, p. 75.

Wax is found on some thalloid liverworts and Polytrichaceae mosses and functions as a barrier to
water enabling gas exchange to take place in interlamellar spaces (Proctor, 1979, 2009; Proctor &
Tuba, 2002). Another hypothesis for the role of repelling water, is that when water is available but
of insufficient duration or quantity for carbon accumulation, the plant is protecting itself from
initiating metabolic processes that would not be energetically efficient (Proctor, 2010). Surface
wax was not used as a trait as its presence is restricted to very few species, or is invisible under

the light microscope (Heinrichs et al., 2000) and is therefore not listed as a character in most
floras.

Leaf decurrence

Leaf decurrence, the extension of the lower leaf margins onto the stem, is related to water

conduction and retention as it creates a capillary space (Figure 2.9). Species with longly decurrent
bases uptake water more quickly (Glime, 2015a).

side view side view

decurrent not decurrent

Figure 2.9 Schematic representation of water retention in decurrent and not decurrent leaf bases. Source:
Sarah Stow.

Leaf margin

Four leaf margin traits are considered in this study: denticulation, cell shape, curvature and
thickness. Similarly to leaf apices, margins are more exposed than interior parts of the leaf (Glime,
2015a). Cilia (in liverworts) or teeth on leaf margins (Figure 2.10) create capillary spaces
increasing water uptake and its ectohydric transportation (Crandall-Stotler et al., 2009; Vitt et al.,
2014). One study found that species with teeth began to photosynthesize earlier in the season
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than those without teeth (Royer & Wilf 2006 in Glime 2015b). This suggests that teeth maximises
carbon gain and so may be a trait associated with species that inhabit environments with low light
levels. However, this study was conducted on tracheophytes and so may not be applicable to
bryophytes (Glime, 2015a).

Tixier & Guého (1997) suggest that hyaline marginal cells in liverworts may facilitate the uptake of
water and may also provide storage (Glime, 2015a). Marginal cell shape also plays an indirect role
in physical photo-protection by helping leaves to curve when drying out (Glime, 2015a). Margin
curvature may aid in the conduction of water, by channelling water from the leaf apex to its base,
in the case of bryophytes from dry environments (Vitt et al., 2014). It may also provide photo-
protection in species with revolute or involute margins (Figure 2.10) by providing physical shelter
to marginal cells (Glime, 2015a). Many species have a margin that is bi- or pluri-stratose and this
trait provides support for the leaf, but also reduces water loss and plays a role in water
conduction (Glime, 2015a). Glime (2015b) suggests that water travels more quickly in leaves with
borders (elongate cells) as there are less walls to cross along the water’s path, but states that
there are no experimental data to confirm this.
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Figure 2.10 Leaf margin traits — denticulation (longitudinal section) and curvature (transverse section).
Denticulation drawing taken from (Casas et al., 2006, 2009); curvature source: Sarah Stow.

Lamina cell shape

A smaller cell size allows bryophytes to utilize small amounts of water (vapour and dew) and also
means most of the plant’s water is held outside the cells allowing them to lose water quickly and
avoid cell damage (Tuba et al., 1998). Elongate cells, as mentioned when discussing margins,
provide rapid water transport when compared to shorter or wider cells. However, elongate cells
are usually present in species of wet habitats and it is not known exactly what role they play
(Glime, 2015a). Large cells may serve the function of water storage to prolong metabolic function
when conditions are dry (Vitt et al., 2014). However, large hyaline cells can be found in species of
both dry and humid habitats (Proctor et al., 1998; Vitt et al., 2014), notably in Sphagnum species
of wet habitats (marshes and bogs). Large and hyaline cells are usually found in leaf bases; their
thin walls facilitate water uptake and in some species may increase the surface area available for

73



CHAPTER 2 — DESICCATION TOLERANCE & BRYOPHYTE TRAITS

light and water capture by physically pushing the leaf away from the stem due to swollen cells
(Glime, 2015a).

Alar cell differentiation

Similarly to enlarged and hyaline basal cells, enlarged alar cells uptake water quickly (Glime,
2015a). Another possible purpose of differentiated alar cells, is the formation of air bubbles on
their leaf surfaces to provide an area for gas exchange in species that are often saturated with
water (Glime, 2015a).

Cell wall

As briefly mentioned above, species with small, thick-walled cells have less negative osmotic
potentials (Proctor, 2009) and are associated with drier and more exposed habitats; these species
are highly DT and the thick cell wall allows water storage, in mosses and liverworts (Vitt et al.,
2014).

Bulk cell elastic modulus (&) is a measure of how elastic cells are and, though not widely studied in
bryophytes, it is suggested that a low € (high cell elasticity) is found in bryophytes with poor water
storage capabilities (Proctor, 2009; Song et al., 2015) and consequently in bryophytes of humid
habitats with moderate levels of DT. The ability of cells to shrink while drying out prevents
plasmolysis (Moore et al., 1982). This trait was recorded from the literature although data for very
few bryophytes is available (Beckett, 1997; Song et al., 2015).

Some species have pores in their cell walls and this could be to allow photosynthates to pass from
photosynthesing cells to storage cells in the leaf base (Vitt et al., 2014). However, exactly how
porose cell walls affect water relations in a bryophyte is not known (Glime, 2015a).

Costa

The costa (mosses), or midrib (liverworts), provides structural support to leaves and shows great
variability in terms of length and width, and is absent from some species. Species with absent or
very reduced costas are found in wet habitats; this has been found both through observation of
field specimens and also in manipulation experiments (where the same species is grown in wet
and dry conditions) indicating the role of the costa in transporting water (Glime, 2015a). Broad
costas (those that occupy a third or more of the width of the lamina) transport more water and so
are likely associated with species of drier habitats.

Oil bodies

Oil bodies, present in liverworts, are membrane-bound organelles that, as the name suggests,
contain terpenoid oils and aromatic compounds (Crandall-Stotler & Crandall-Stotler, 2000) and
are thought to be important in DT (Pressel et al., 2009; Glime, 2015a). Tixier & Guého (1997) note
that in areas of forest with high light intensities liverworts present have oil bodies. However, their
exact role in DT is difficult to identify, as oil bodies disappear when a liverwort is desiccated and
the rate of disappearance varies between species (Pressel et al., 2009).

2.2.3.1.5 Specialised structures
Hyalocysts (large hyaline cells) and hyaline cells act as reservoir for water in bryophytes allowing
them to maintain their metabolic functions for longer when the environment becomes drier
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(Frahm, 2000; Proctor, 2009). The most well developed hyalocysts (and most studied) are in the
Sphagnum genus, and though these are famously species of wet habitats (marshes and bogs),
they require water storage structures so that they can survive the periodic desiccation of their
habitat (for further details on Sphagnum hyalocysts see Glime, 2015a).

Hydroids, which are specialised cells that conduct water, are present in species of the
Polytrichaceae and Mniaceae and allow bryophytes to remain at full turgor when the atmospheric
humidity has decreased (Proctor & Tuba, 2002). The presence of conducting tissues affects the
mechanism of water uptake in a plant but very few bryophyte species have these and so this trait
was not included. Also, despite the presence of these structures, the plant still does not have
significant control of its water regulation (Proctor, 2009).

The Fissidens genus are characterised by a conduplicate part on their leaves: a second smaller
lamina that creates a pocket (Figure 2.11) providing a space for water retention and may also
provide protection to cells by creating a double cell layer (Glime, 2015a). Fissidens species are
mostly associated with humid and sheltered habitats and so the conduplicate part may serve to
maintain metabolic function once humidity decreases.
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Figure 2.11 Fissidens dubius leaf showing how the conduplicate part (referred to also as a sheathing
lamina) creates a pocket. Copied and adapted from Casas et al. 2006, fig. 23.9, p. 123.

Some species of the tropical Calymperaceae family possess intra-marginal, elongate and hyaline
cells known as teniolae. They may function in facilitating water transport (Glime, 2015a) from the
leaf base to the apex.

Liverworts of the Porellales order possess lobules that are helmet-shaped (Figure 2.12) which
function to retain water (Glime, 2015a) although the importance of this role has been questioned
as experiments have shown that water is quickly lost from these structures when humidity
decreases and that they may be more important for nutrient capture than water storage (Vitt et
al.,, 2014). Underleaves (also only in liverworts) (Figure 2.12) play a role in water retention by
providing capillary spaces, although they may not be effective for long-term storage (Clausen,
1952 in Vitt et al., 2014). Species of drier habitats have larger lobules and underleaves than those
of humid and sheltered habitats (Glime, 2015a).
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Figure 2.12 Structure of leafy liverworts with lobules and underleaves. Copied and adapted from Casas et
al., 2009.

2.2.3.1.6 Vegetative reproduction propagules

Vegetative propagules allow species to reproduce when environmental conditions are not
favourable for sexual reproduction (e.g. lack of water for sperm to reach egg) (Proctor et al.,
2007) and occurs both in dioicous and monoicous bryophyte species (Vanderpoorten & Goffinet,
2009). They tend to be DT so that they can survive both dispersal and the time waiting until
germination (Glime, 2014). There are many different types of propagules, and the number varies
depending on the author (Glime, 2014). For simplicity, five main categories are used here
(following the classification in Hill et al., 2007) which group several propagules types (Table 2.5
and Figure 2.13). For a description of all different vegetative propagules types, Glime (2014)
provides a good review and includes other aspects of vegetative propagules. Fragments of mosses
and liverworts can give rise to new plants (Crandall-Stotler et al., 2009; Glime, 2014) and in
hornworts younger parts of a thallus that have become detached can also grow into new plants
(Vanderpoorten & Goffinet, 2009). In liverworts, caducous leaves, bulbils and discoid gemmae are
produced mostly by epiphytic species (Crandall-Stotler et al., 2009). As the different propagules
differ in size and shape, the amount of water needed for dispersal will vary suggesting that certain
propagules types may be more common in different environments (Goffinet et al., 2009).
Additionally, the shape of the propagules can change based on the environmental conditions
(Glime, 2014). A disadvantage of vegetative propagation is that as new individuals are clones, they
have limited potential to adapt to new environmental conditions and so may reduce plant fitness
(Laaka-Lindberg et al., 2000). This trait has been used in the study of extinction probabilities and
in UK vascular plant species decline has been shown to correlate with absence of vegetative
reproduction (Godefroid et al., 2014).
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Table 2.5 The main categories of vegetative propagules present in bryophytes, the propagules types
included in each category (where there is more than one) and the bryophyte group they occur in.
Modified refers to leaves or branches that are different in shape or size from other leaves or branches on
the plant. Data compiled from (Data compiled from: Vanderpoorten & Engels, 2003; Hill et al., 2007;
Crandall-Stotler et al., 2009; Glime, 2014).

Vegetative propagules Types of vegetative propagules Bryophyte group

category included

Gemmae Leaf tips, leaf axils (multicellular, Liverworts, Mosses, Hornworts
discoid, lenticular, spherical)

Leaves Caducous, fragments, modified and Liverworts, Mosses
unmodified

Bulbils Liverworts, Mosses

Branches Caducous, modified and unmodified  Liverworts, Mosses

Tubers Liverworts, Mosses, Hornworts
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Figure 2.13 Different vegetative propagules in mosses. The leaves and branches shown here are modified.
Though some bulbils may look like gemmae, they can be differentiated by the presence of developing
leaves (leaf primordia) at their apices. NB- not to scale. Copied and adapted from Casas et al. 2006.

2.2.3.2 Sporophyte traits

Despite stating above (2.2.3.1, p. 66) that gametophyte traits are more likely to indicate DT than
sporophyte traits, some sporophyte traits were included as little is known about DT in
sporophytes (Stark & Brinda, 2015a) and so this study is an opportunity to provide some insight. A
recent experimental study showed that sporophytes that had been exposed to rapid drying were
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smaller and hence had fewer spores than those that were slowly dried (Stark & Brinda, 2015a)
suggesting that spore number, seta length and capsule size could be used to determine
environmental conditions a species is exposed to. As well as relating to DT, certain traits have
been found to be related to species threat status (Sérgio et al., 2013).

2.2.3.2.1 Stomata

In bryophytes, stomata are only present on the sporophyte of mosses (usually on the capsule
base) and hornworts; exactly what role they play is unknown though several ideas exist (Goffinet
et al., 2009; Renzaglia et al., 2009). Stomata are lacking in three moss genera (Takakia, Andraeae
and Andreaeobryum) suggesting that in mosses stomata may play a different role to those in
tracheophytes (Goffinet et al., 2009). One role is in the control of water uptake into the capsule:
while the capsule is developing, water is required for meiosis but when the capsule is mature the
capsule needs to desiccate to allow spore release (Goffinet et al., 2009; Glime, 2015b). Stomata
may also allow nutrients to be drawn up from the gametophyte to the capsule by creating a
transpiration stream (Glime, 2015b). How they relate to environmental conditions or habitat is
not clear with some studies showing no relation to stomata presence and habitat (Glime, 2015b).
If stomata are required to allow the capsule to desiccate, then it would be expected that species
of drier habitats have less stomata.

2.2.3.2.2 Seta and capsule

Some publications have noted that seta length is related to DT (e.g. Stark & Brinda, 2015b) with
species with very short setas found in drier and more exposed habitats, but there are few data on
this (Vitt et al., 2014). Capsule shape may also be related to environmental conditions as globose
and spherical capsules seem to be prevalent among mosses of dry environments (Vitt et al.,,
2014). The capsule peristome prevents water entry into the capsule due to the waxy surface of
the peristome teeth (Glime, 2015b).

2.2.3.2.3 Spores

Spore production, size and number are closely associated with the life strategy of a bryophyte
(see 2.2.3.3.2 below). Spore colour has been shown to be related to how long they are able to
survive once released (Renzaglia et al., 2009). In hornworts, yellow and brown spores survive
longer than greener spores as the latter have thinner walls and less oils (Renzaglia et al., 2009) but
there have been no studies measuring spore DT in hornworts (Vitt et al., 2014). Species with
larger spores tend to be those living in dry habitats.

2.2.3.3 Life-history traits
Many studies have looked at life-history traits as they can be central in determining species
survival (Soderstrom & During, 2005).

2.2.3.3.1 Reproduction system - monoicy or dioicy

Several studies have looked at how the reproduction system relates to other life-history traits
such as spore size, seta length and plant size (Longton, 1992; Crawford et al., 2009; Manyanga et
al., 2011). Monoicous species produce spores more frequently that diocious ones (Rydin, 2009).
Some studies have looked at how the reproduction system relates to threat or rarity (Longton,
1992; Laaka-Lindberg et al., 2000) and from these it seems that monoicous species tend to be
rarer. This trait was included as it is one that indicates threat, rather than due to DT. However,
analyses will be carried out to see if this trait does also relate to DT. This is also a trait that is
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relatively well documented for in the literature and so data availability should be high.
Interestingly, male plants of dioicous species have been found to be less DT than female plants
(Stark et al., 2005) and that the sex ratio is skewed in favour of female plants at lower elevations
(Benassi et al., 2011).

2.2.3.3.2 Life strategy

Kirschner et al. (1999) found only three types of life-strategies among epiphytic bryophytes:
colonists, perennial shuttle species and perennial stayers. Species that are colonists are often
habitat pioneers and can therefore indicate forest disturbance (Kiirschner et al., 1999). Short-lived
species (annuals) avoid drought by completing their life-cycle quickly when moisture is available
and surviving the drought period through a large spore bank (Frahm, 2000; Vitt et al., 2014). An
example of where life strategy enables species to inhabit dry habitats can be found in the genus
Riccia. In west Africa, members of the genus often grow on exposed rocks in rock pools and rely
on an annual life strategy whereby they survive desiccation from one year to the next due to the
presence of a large spore bank (Frahm, 2000). In these annual species, spore germination and
sexual reproduction leading to spore production take place in the rainy season, the thallus then
decomposes in the dry season and their spores persist during the dry season in the soil. This
strategy has enabled them to colonise large areas, including in Madagascar.

2.2.4 Quantitatively measuring desiccation tolerance

Measuring DT in bryophytes centres around measuring physiological parameters when they are
either desiccating (survival) or rehydrating (recovery). There are several experimental methods
used for quantitatively assessing DT in bryophytes (see Table 2.6) with the most widely used ones
being: water relation parameters (e.g. water potential, water content, water loss) (Pardow &
Lakatos, 2013), gas exchange (Proctor et al., 2007) and photosynthetic parameters (e.g.
photosynthetic efficiency, non-photochemical quenching) (Wood, 2007). For details on water
relations, gas exchange and fluorescence methodologies see Appendix A2.1, p. 88. Initial studies
looked at features that were visible by light microscopy and most widely used was plasmolysis as
an indicator of cell recovery (Proctor, 2001; Wood, 2007) but this is now thought to overestimate
DT (Proctor, 2009). Respiration has also been used as a measure of recovery from desiccation, but
as it varies little is not considered the most suitable parameter to use (Hinshiri & Proctor, 1971).
Aside from measurements of physiology, some studies measure cellular chemistry to determine
DT, most commonly the plant hormone ABA (Proctor & Tuba, 2002) and chlorophyll pigments as
they play a role in the protective molecular mechanisms (Table 2.4, p. 64) and abscisic acid (ABA)
has been shown to be central in conferring DT to some bryophytes (Pressel et al., 2009).

The general protocol for measuring DT involves collecting specimens from the field, exposing
species to different desiccation regimes, times, temperatures and humidity levels (Proctor, 2001;
Wood, 2007; Bader et al., 2013; Stark et al.,, 2014) and measuring a combination of the
parameters above. Because some species are able to become “hardened” to desiccation during
slow drying or partial drying, acclimatisation prior to carrying out desiccation experiments is
recommended so that measurements are carried out on dehardened species; otherwise we may
be comparing values between species in hardened and dehardened states which will lead to
misleading conclusions (Wood, 2007; Stark et al., 2014). However, how long to acclimatise species
for is not standardised as species require different acclimatisation times (Stark et al., 2014) and
very few studies have addressed this. The stresses that a species was exposed to before
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specimens are collected, the “field effects”, also play a role in the value obtained from
physiological experiments and may not reflect the species’ DT response in the field (Proctor,
2000a; Stark et al., 2014).

Due to the many methods of measuring DT in bryophytes, Wood (2007) outlined a standard
protocol (the Austin protocol, see Appendix A2.2, p. 90) for measuring DT and advocates its use to
allow comparability between species. However, none of the 145 studies published on DT and
bryophytes since 2007 have used this protocol. The only mention is in Stark et al. (2014) to

suggest an improvement to it (changing the acclimatisation period).

Table 2.6 Parameters used to quantitatively measure DT with examples of studies that have used them
and the taxa they studied. This does not indicate that each study looked at just that one parameter, as

most tend to use more than one.

Parameter

Taxa

Study

Water content at full turgor and
external capillary water storage

Tropical

(Pardow & Lakatos, 2013)

Electrolyte leakage - plasmolysis

Tropical bryophytes

(Bader et al., 2013)

Temperate liverworts

Clausen, 1962

Maximum duration of desiccation
tolerated

Tropical mosses &
liverworts

(Bader et al., 2013)

Chlorophyll fluorescence

Crossidium crassinerve

(Stark et al., 2014)

IRGA - infra-red gas analysis

5 temperate bryophytes

(Dilks & Proctor, 1976, 1979)

Respiration rate

Anomodon viticulosus
Porella platyphylla

(Hinshiri & Proctor, 1971;
Dilks & Proctor, 1979)

Cytoskeleton structure

6 liverworts (5 temperate
and 1 subtropical)

(Pressel et al., 2009)

ABA

2 liverworts, 3 mosses

Proctor & Tuba, 2002)

Protein synthesis

Tortula ruralis

Oliver, 1996)

Leaf damage

Crossidium crassinerve

Stark et al., 2014)

Leaf regeneration

Syntrichia caninervis

(
(
(
(

Stark et al., 2005)

Protein synthesis

Tortula ruralis

Oliver, 1991 in Oliver &
Bewley, 1996

Anti-oxidant enzymes

Tortula ruraliformis
Dicranella palustris

(Seel et al., 1992b)

Photosynthetic pigments

39 temperate mosses and
16 temperate liverworts

(Marschall & Proctor, 2004)

2.25

Variation in desiccation tolerance and defining thresholds

Despite common protective and repairing molecular mechanisms, the behaviour of these is not
equal among bryophytes (Oliver et al., 1998; Proctor & Tuba, 2002; Stark et al.,, 2014) and
together with their varying morphologies, bryophytes exhibit different levels of DT. Bryophytes of
drier and exposed habitats are considered to have constitutive DT (CDT) — they can survive rapid
drying with minimal damage - whereas species of more sheltered habitats have inducible DT (IDT)
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— they require slow drying in order to minimise damage and can be considered to go through a
hardening process (Stark et al., 2014). Formerly, CDT bryophytes were called “fully DT” and IDT
bryophytes “modified DT” (Oliver et al., 1998; Stark & Brinda, 2015a). While researchers are
inherently prone to classifying natural phenomena into discrete categories, the current consensus
is that DT in bryophytes is likely to be a continuum between CDT and IDT, and that a species can
display different levels of DT (Pressel et al., 2006; Stark & Brinda, 2015a). This has recently been
named the ‘continuum hypothesis of ecological DT in bryophytes’ (Stark & Brinda, 2015a).

In addition, the previous environmental conditions a bryophyte has been exposed to and the rate
of drying prior to measuring DT will have an effect on the molecular and physiological response
(Oliver et al., 1998; Oliver, 2009; Proctor, 2009; Stark et al., 2014). However, bryophytes from dry
habitats are less affected by these two factors (Proctor & Tuba, 2002). Rate of drying varies
among bryophytes with forest bryophytes drying out more slowly than bryophytes from exposed
habitats (Proctor & Tuba, 2002; Proctor, 2004; Song et al., 2015) suggesting that they are less DT
as they require more time to enable their protective molecular mechanisms.

Recovery of physiological function also differs, even within the same habitat, Figure 2.14 (Proctor
& Tuba, 2002). Forest bryophytes tend to show less extreme DT (Figure 2.14) as they live in an
environment where desiccation intensity is lower and of shorter duration than in other habitats
(Proctor, 2004; Vanderpoorten & Goffinet, 2009; Song et al., 2015). Slow drying allows hardening
to desiccation (Stark et al., 2014) meaning species will be more DT than at times when drying is
fast. Species that are highly DT usually recover full photosynthetic function within 15-20 minutes
(Proctor, 2001). Interestingly, the more DT species will survive desiccation at very low water
potentials, but do not survive when kept at full turgor compared to forest species (Proctor, 2001).
This could be due to a reduction in exposed surface area available for gas exchange or the growth
of pathogens e.g. fungi (Proctor, 2001).

As well as differences in recovery response, the time a species can maintain metabolic function
(i.e. its survival time) following desiccation varies, and is affected by intensity of desiccation
(Proctor, 2001). Species of drier and more exposed habitats maintain their metabolic functions for
longer (Figure 2.15). In addition, they are also able to endure very negative water potentials
(lower RH) whereas bryophytes from sheltered habitats quickly decline at the same potentials
(Figure 2.15) (Proctor, 2001). These responses, again, vary between species of the same habitat

type.
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Figure 2.14 Photosynthetic recovery rates of three temperate bryophytes following rehydration showing
how recovery rates vary, even within species from the same habitat type. Polytrichum formosum and
Mnium hornum are forest floor bryophytes whereas Racomitrium lanuginosum is a saxicolous bryophyte
from open habitats. (Redrawn from: Proctor & Tuba, 2002, p. 343, figure 5.)
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Figure 2.15 Survival based on photosynthetic rate (Fv/Fm) of three temperate bryophytes following
desiccation at different water potentials showing how persistence of metabolic function varies among
species. Hookeria luscens, Plagiotheium undulatum and Rhytiadelphus loreus were collected from a
forest; Anomodon viticulosus, Racomitrium lanuginosum and Tortula (Syntrichia) muralis were collected
from rocks on open habitats. (Redrawn from Proctor, 2001, figure 5, p. 150)
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2.2.5.1 Defining DT levels

Although the range of DT in species is not sharply defined and is a gradient (Wood, 2007; Stark &
Brinda, 2015a), the physiological measurements outlined in section 2.2.4 have been used by
some authors to quantitatively define different DT levels (Table 2.7). When desiccated, DT
bryophytes can survive cell osmotic potentials of -100 to -400 MPa (Lakatos, 2011), with
extremely DT species surviving to -540 MPa (Oliver, 2009). Species that do not survive beyond -40
MPa are considered desiccation sensitive in terms of bryophytes (Oliver et al., 2005; Proctor et al.,
2007; Oliver, 2009). The maximum efficiency of the photosynthetic apparatus (F,/F.,) of a healthy,
unstressed bryophyte exhibits values of between 0.76-0.83 (Proctor, 2003); values below this
therefore indicate that plants have been subject to stress and are photo-inhibited. However,
Pardow & Lakatos (2013) did not record values above 0.75 in their study, suggesting that tropical
bryophytes have different threshold levels due to the microclimatic conditions: high temperature,
low light intensity and high humidity limit photosynthetic efficiency (Frahm, 1990). Also, lowland
forests have a higher temperature than those at higher altitude, which limits net productivity
(higher temperatures lead to higher respiration rates).

Table 2.7 Dessication tolerance levels delimited in chronological publication order. Within a study,
categories are listed from most DT to least DT.

Study Parameter Threshold DT level
(Oliver & Bewley, Survival at rate of water  Extremely rapid Fully DT
1996) o Slow Modified DT
Wood 2007 Lowest RH survival - <30% (< -162MPa) Category A
using Fv/Fm as survival
indication 70-80% (-30 to -48 MPa) Category B
70-80%, and at 0-30% if

hardened Category BA)

>80% but can survive at
0-30% if hardened

Category (A)

>80% but can survive at

70-80% if hardened Category (B)

Wood 2007 Lowest RH survival- <23% Fully DT
using Fv/Fm as survival
indication <67% Modified DT
(Pardow & Maximum eff|C|en.cy of Upper quartile (75-100%) 4
Lakatos, 2013) the photosynthetic
apparatus (Fv/Fm) or 3
number of cells alive 2

Lower quartile (0-25%) 1

Pardow and Lakatos (2013) produced the first (and only) DT index (DTI) using published
physiological studies (and their own data) of 65 species from different habitats and regions
worldwide. They used maximum photosynthetic rate achieved or number of cells alive after
desiccation at 30-50% RH (-94 to -162 MPa) at 20°C, and assigned species to four categories based
on the percentage quartile a species’ value is in i.e. the most DT species are in category 4 (upper
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quartile) and the least DT are in category 1 (lower quartile). Though they noted the problems of
comparing data from different datasets, the index still showed variation between and within
species of different habitats suggesting that this could be a useful approach to monitoring effects
of habitat change, and even climate change. A search for publications using this index, or a similar
approach, yielded no results showing this approach remains understudied, potentially due to the
lack of physiological measurements in many species, especially tropical ones. A way to circumvent
this problem would be to attempt to relate easy-to-measure morphological traits to DT and then
create an index based on this.

2.3 Ecology, conservation and desiccation tolerance

Most DT research to date has focussed on the mechanism itself with many DT studies using
extremely DT species (such as Tortula ruralis) or focussed on temperate species and rarely tropical
ones (Proctor & Smirnoff, 2000; Wood, 2007). Additionally, few liverworts have been studied and
so DT is much better known in mosses (Vitt et al., 2014). Studies range from those looking at the
biochemistry of desiccation, through to the genetics, an emerging field, and the ecophysiology of
DT, with a few studies from the perspective of ecology or conservation. Stark et al. (2014) related
physiological measurements of DT to their ecological implication in the field by highlighting the
potential for hardening and dehardening of species to DT based on the length of time they are
exposed to desiccation and hydration. Pardow and Lakatos (2013) undertook one of the few
studies relating DT with threat in tropical bryophytes suggesting that the less DT understorey
species are likely to become threatened through habitat and climate change.

Studies have found that tracheophyte extinction risk can be related to their environmental
preferences, with species inhabiting extreme and specific environmental parameters (e.g.
extreme dry or wet habitats) being most at risk (Walker & Preston, 2006). But whereas vascular
plant distribution is mostly dictated by edaphic and macro-climatic variables (Barkman, 1969),
bryophyte distribution and species richness is determined by microclimatic variables,
predominantly moisture availability (Frahm, 2000; Vanderpoorten & Goffinet, 2009). Poikilohydry
has implications for the habitats that bryophytes can occupy as water in the form of vapour is
available to them but not to most tracheophytes (Barkman, 1969). Therefore, for bryophytes,
more damaging than long exposure times to low humidity, is exposure to fluctuating humidity
where partial metabolic activity (as opposed to total inactivity during long exposure) can be more
damaging through carbon leakage or pathogen activity (Proctor, 2001; Bader et al., 2013). Being
DT, bryophytes are able to occupy environments where most other plants cannot survive. This
provides bryophytes with a competitive advantage although it limits the time available for
growth. For example, bryophytes dominate exposed rock landscapes as the impenetrable rock
surface means water is not available for most tracheophytes (Proctor & Tuba, 2002), whereas
bryophytes can utilise vapour and morning dew.

In a study of bryophytes on inslebergs from four African countries, those found on this exposed
habitat were highly desiccation tolerant, such as Riccia with xeromorphous thalli and Bryaceae
species (Frahm, 2000). Abundances of DT bryophytes on granitic boulders at a semi-arid site in
California were strongly negatively correlated with insolation — this could be linked to
temperature, carbon balance and damage by light (Alpert, 2000a). DT level reflects the conditions
the species is usually exposed to (Bader et al.,, 2013) but species that exhibit ability to resist
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extremely dry environmental conditions are not always necessarily found in the driest habitats —
either other factors also determine distribution of species or length of drought is not the best
indicator of DT (Alpert, 2000a). Similarly, bryophytes of moist, sheltered areas have lower DT
although this is not always the case as shown in some studies. In California it was found that out
of six species from moist areas, five that were restricted to sheltered and moist sites had a
relatively high DT (Cleavitt 2002b in (Proctor et al., 2007). The trait of “tolerance of drought
period” is due to a combination of morphological and life-history traits that have been positively
selected for in bryophytes (Alpert, 2000a).

Tropical montane forest mosses in Africa and Venezuela have been shown to have tolerance to
long drought periods (Proctor, 2002; Ledn-Vargas et al., 2006; Bader et al., 2013). This could be
explained by the fact that to ensure long-term survival, mosses need to be prepared for potential
longer periods of drought than is normal in a tropical humid forest. Epiphytic bryophytes
(branches and canopy) are more tolerant of rapid and frequent drying than forest floor and mesic
grassland species (Proctor et al., 2007) and there is a range of microclimates on the epiphytic
substrate (Pardow & Lakatos, 2013). Because of this, community composition is more similar
within a height bracket over hundreds of kilometres than within a tree (Pardow & Lakatos, 2013).

Frahm (2000) found a difference in the amount of “structural adaptation” of traits between
bryophytes inhabiting forest and savannah inselbergs. Interestingly, there was little adaptation of
bryophyte traits to the dry environment of the savannah and more in those of humid forest
inselbergs, e.g. leaf papillae were only found in 2 out of 30 species recorded in Cote d’lvoire but
most species in the rainforest of Zimbabwe had water-storage structures.

Tolerance to desiccation of bryophytes in lowland forest is relatively unknown therefore making
prediction of their response to changing climatic conditions difficult (Pardow & Lakatos, 2013).
There are very few studies on DT of tropical bryophytes but it is an important study to undertake
due to changing climate conditions — especially in lowland forests (Pardow & Lakatos, 2013). Most
studies that have looked at tropical bryophyte DT and traits have focussed on life-form. Studies
measuring recovery following desiccation of particular life-forms (Proctor, 2004; Song et al., 2015)
show that life-forms have different DT although Bader et al (2013) found that life form does not
seem to dictate DT in tropical montane species.

As well as climatic conditions, substrate and altitude affect bryophyte distribution and DT. Water
retention of a substrate will impact the DT of a species with epiphytic species usually being less DT
than those occupying rock surfaces, as an example (Bates, 2009). However, there are few studies
looking into the relation between substrate and DT. In forests worldwide, epiphytic bryophytes
make up a large part of the bryophyte biomass, and even the overall biomass in some forest types
(Bates, 2009). Although moist and shaded forests support a higher number and biomass of
epiphytic bryophytes, in areas of very low light availability this richness decreases (Bates, 2009),
due to the insufficient light level to achieve net photosynthesis. Within a tree, species occupying
branches and the canopy are more DT as they are exposed to higher light levels and wind (Bates,
2009; Alvarenga et al., 2010). A few studies have looked at DT and altitude (Benassi et al., 2011;
e.g. Bader et al., 2013) with contradicting results. Benassi et al (2011) found that less DT male
plants were found at greater proportions at higher altitude, whereas Bader et al (2013) found no
pattern between DT tolerant tropical bryophytes and altitude.
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Although bryophytes are widely used as indicators of environmental pollution, only recently has
their potential as biodiversity indicators begun to be exploited, albeit by few and geographically
restricted studies (Diekmann, 2003; Drehwald, 2005; Frego, 2007). In tropical rainforests,
community composition of epiphytic bryophytes changes rapidly in response to changes in
insolation and relative humidity (Frahm & Gradstein, 1991; Sporn et al., 2009). Epiphytes with low
DT are particularly susceptible to increases in air circulation and solar radiation in the lower
vegetative layers which result from anthropogenic habitat degradation (Pardow & Lakatos, 2013).
Bryophytes thus have great potential as indicators of forest integrity yet this important
application remains under-studied.

2.4 Conclusions

DT is present in many terrestrial organisms, but predominantly in those that are very small or
microscopic and is an adaptation to life in a relatively dry terrestrial environment. In the plant
world, almost all species with vegetative DT are bryophytes; most angiosperms have DT pollen
and seeds. Bryophytes’ survival, as with all plants, is determined by how effectively they can
photosynthesize and maintain metabolic processes in certain microclimatic conditions. There is
therefore interplay between water uptake and storage, gas exchange, insolation and relative
humidity. In bryophytes limited water availability and higher temperatures increase
photorespiration, which is energetically inefficient, (Glime, 2007; Proctor, 2010) therefore
shutting the metabolism down when there is insufficient water provides bryophytes an advantage
over tracheophytes during drought.

Within bryophytes it seems that humid adapted species will desiccate slower than arid adapted
species (Proctor & Tuba, 2002; Proctor, 2004; Song et al., 2015). Conceptually this is quite non-
intuitive when thinking about plants. With tracheophytes, typically a species that is adapted to a
humid environment will dry out much faster when exposed to an arid environment than a
xerophytic species. In effect, most tracheophytes preserve their internal water during times of
moisture stress but will continue photosynthesising and respiring during this time — even if it is
energetically inefficient to do so (Proctor, 2010).

The poikilohydry of bryophytes reflects their distinct advantage in dry environments over
tracheophytes (Alpert, 2005; Vitt et al., 2014) as it enables them to lose water quickly and shut
down their metabolic activities and wait out periods of drought - desiccation tolerance - and only
metabolise when conditions are optimal. The more DT a species is, the quicker it loses its water
and shuts down metabolic activity, rather than remaining metabolically active when water
availability is low or light levels are high which leads to a net loss in productivity (Proctor, 2010).
The degree of DT varies among bryophytes; species’ DT ranges from “fully desiccation tolerant” to
those that are “desiccation sensitive” (Proctor & Smirnoff, 2000; Wood, 2007; Oliver, 2009;
Vanderpoorten & Goffinet, 2009).

From studies quantitatively measuring DT in bryophytes, it can be concluded that bryophytes that
occupy dry and exposed environmental conditions are more desiccation tolerant than those of
more sheltered and humid habitats. However, there is also variation within habitats. Within a
forest, bryophytes of varying DT will be found depending on the insolation and humidity of the
microhabitat, with epiphytes being more DT than ground-dwelling species. Their distribution
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could therefore be used to indicate changes to forest integrity and forest bryophytes more
susceptible to extinction could be identified based on their traits and DT level. It is important to
bear in mind that conclusions made as to how traits respond to DT or the environment are based
on a relatively few number of species, and generally temperate ones. Although certain traits are
related to the environment a species is found in and can indicate the likely DT level of a species,
this relationship is not clear-cut and needs further study, particularly among tropical bryophytes.

The next chapter will assess if the presence of the traits described in this chapter can be related to
the environmental preferences of bryophytes, and if their environmental preference can be used
as an indication of their DT.
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Appendix 2 DT physiology

A2.1. Physiological measurement methodologies

Relative water content (RWC) indicates the amount of water a plant can uptake and can be used
to measure the plant’s water capacity when dry relative to its capacity at full turgor (maximum
water capacity) (Proctor et al., 1998). It is widely used in physiological experiments of DT (e.g.
Proctor, 2004). Relative water content (RWC) is expressed as percentage of dry weight (Proctor et
al., 1998):

RWC = Wi
T wd

* 100

where Wt is weight at full turgor and Wd is dry weight.

Specimens are hydrated, excess water was blotted with filter paper and weighed. Specimens are
then placed in an oven at 105°C for 30 minutes and then weighed. Another method involves
exposing samples to air following hydration and weighing specimens at 1 minute intervals (Rands
& Davis, 1997)

Chlorophyll fluorescence

A widely used and reliable method to measure a plant’s photosynthetic activity is chlorophyll
fluorescence (Maxwell & Johnson, 2000; Wood, 2007; Proctor, 2009) (Proctor 2007; Bader et al.,
2013; Pardow & Lakatos 2013). One of the reasons it is so popular is because it is easily measured,
both in terms of equipment, time and interpretation of results. Interpretation can be complex
(Maxwell & Johnson, 2000) if the readings taken are misunderstood but due to the existence of
several clear methodologies and reviews on the subject (Wood, 2007; Proctor et al., 2007) this is
easily avoided.

When light enters a leaf its energy is transferred three different processes: heat dissipation,
photosynthesis and 1 to 2% of it is re-emitted as red fluorescence (Maxwell & Johnson, 2000;
Proctor, 2009). As these three processes share the energy they are in competition with each other
and it is this that allows us to use the fluorescence to measure photosynthetic activity. The
parameter estimated is the efficiency of, or the damage to, photosystem Il (PSll) (Maxwell &
Johnson, 2000; Wood, 2007; Vanderpoorten & Goffinet, 2009).

When a plant is moved from dark to light there is a “spike” in chlorophyll fluorescence over a time
period of about one second (Figure 2.16) (Maxwell & Johnson, 2000). This is caused by a reduction
of electron acceptors (downstream of PSIl) and the reaction centre is “closed” — this results in a
decrease in photochemistry efficiency and an increase in fluorescence yield (Maxwell & Johnson,
2000). After a few seconds the fluorescence yield decreases — called fluorescence quenching
(Figure 2.16). This is due to two mechanisms: photochemical quenching (PQ) where electrons are
carried away at a faster rate from PSIlI (mainly due to enzymes in the carbon metabolism that
have been light activated and opening of stomata (Maxwell & Johnson, 2000)); and non-
photochemical quenching (NPQ) where light energy is converted to heat to avoid light damage
(oxidative stress) (Vanderpoorten & Goffinet, 2009). All experiments need a dark-adapted, non-
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stressed reference point (F, and F,,) (Figure 2.16, steps 2 & 4). In the field this is difficult unless
the value is taken before dawn. However, the pre-dawn F, can be influenced by the previous
condition of the plant e.g. if exposed to stress (Maxwell & Johnson, 2000).

By using a modulated fluorometer (where the light source is turned off and on) the fluorescence is
measured in background light conditions and full light conditions; the stages in this process and
parameters measured are shown in Figure 2.16.
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Figure 2.16 Schematic diagram showing relative changes in chlorophyll fluorescence yield as light is
applied to a plant, as well as the steps of the measurement process and parameters measured. 1- MB —
measuring light switched on — low intensity. 2- F, — minimal fluorescence level measured. 3- SP1 — short
saturating light flashes are applied. This progressively closes the PSIl and reflects the fluorescence in the
absence of photochemical quenching — maximum fluorescence. 4- F,, — the maximum fluorescence yield
measured in the dark-adapted state. 5- AL on — actinic light switched on, a photosynthesis inducing light.
A peak in fluorescence occurs (A) and then decreases to a steady level due to fluorescence quenching (B).
6- F, — steady-state fluorescence yield, measured immediately before a second saturating light is applied
(SP2). 7- SP2 — short saturating light flashes are applied again. 8- F,,” — the maximum fluorescence yield in
the light; measured the presence of photosynthetic light. 9- AL off — actinic light switched off. 10- F,” —
zero fluorescence level in the light; measured by applying a far-red light (650nm). Taken and adapted
from Maxwell & Johnson 2000, fig. 1, p. 661 and Proctor 2009, fig. 6.5, p. 251.

Four values indicating efficiency or damage to PSIl can then be calculated from the measured

parameters:

1. The intrinsic or maximum efficiency of PSII (quantum efficiency if all centres are open) is
the ratio of variable fluorescence to maximum fluorescence: E, /F,, = (E,, — Fo)/Ey,".

2. The efficiency of PSIl photochemistry measures the proportion of light absorbed by
chlorophyll in PSII following photochemical quenching i.e. the amount of light used in the
photochemistry of PSIl: ®pg;; = (Ey,' — F:/ Ey').
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3. Photochemical quenching indicates oxidation state or the proportion of PSII centres that
are open and is calculated using: qP = (E,,' — F;)/(E,' — Fy").

4. Non-photochemical quenching of PSIl as a measure of heat dissipation is calculated as:
NPQ = (Fp — Fy)/Fn.

5. Electron flow calculated by multiplying ®pg; by the PPFD.

As the values calculated are quotients, values can then be compared between plants as sample
size used does not affect results (Maxwell & Johnson, 2000; Proctor, 2009) and measurement of
chlorophyll fluorescence is suggested as the best method when assessing many samples (Wood,
2007). Fluorescence can be measured in the field with portable fluorometers (Bader et al., 2013).
Chlorophyll-fluorescence values tend to be plotted against relative humidity (RH) or amount of
photosynthetic light available (PPFD pmol m™ s™@). One experimental method is to desiccate
species at different relative humidity (RH) levels for a set amount of time and measure their
photosynthetic performance at different time intervals following hydration (Proctor, 2001).

A2.2. The Austin Protocol
As described in Wood (2007, p. 173-174):

Plant material will be freshly collected (or obtained from culture collections) and
maintained as fully hydrated material under controlled conditions (14°C, 50 pE m?s™).
Alternatively, for difficult to obtain plants, dried material will be maintained at 58C, and
rehydrated for 24 h (14°C, 50 uE m?s™). To ensure proper drying, it will be critical to use
small quantities (i.e., approximately 200 mg FW) of isolated shoots that have been
blotted completely dry. Hydrated plant material will be equilibrated at two relative
humidity “set points,” 67-75% RH or 20-30% RH using either saturated salts or diluted
sulphuric acid to control humidity for both 24 h and seven days with five replicates per
treatment. In my research program, we have used 67% RH (saturated solution of
ammonium nitrate at 208 °C) or 23% (saturated solution of potassium acetate at 20 °C)
(Zeng et al., 2002).

The recovery of photosynthesis, as determined by of Fv/Fm, will be measured after 2
recovery times—1 h and 24 h. Short-term recovery (0—60 min) will be measured by
rehydrating dried plant material placed within the leaf clip (i.e., spraying with de-ionized
water ensuring that plants are saturated). Longer-term recovery (as long as 24 h) will be
determined on rehydrated plant material maintained at 14°C, 50 pE m? st within a
growth chamber, and transferred to leaf clips for dark adaption (10 min). The
parameters of Fo, Fm, and Fv/Fm will be measured on both fresh (i.e., rehydrated but
not desiccated) and rehydrated pant material (i.e., rehydrated, desiccated and
rehydrated). Photosynthetic recovery (i.e., an increase in the measured Fv/Fm value
from near 0 to more than 0.700) will be taken as an indication of vegetative desiccation-
tolerance. Bryophyte species that recover from equilibration at 67% RH are not
“desiccation sensitive” and will be considered to be “modified desiccation-tolerant.”
Those species that recover from equilibration at 23% RH will be considered to be “fully
desiccation-tolerant.”
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Chapter 3 Desiccation tolerance traits and species’ environmental
preferences

Abstract

Trait databases are widely used in ecology to understand relationships between species and their
habitat and environment. Increasingly, studies are using traits to inform conservation
management decisions. As such, many plant trait databases exist, from local to global datasets,
and there is a concerted effort to collate trait data and make it readily available online to promote
research in this area.

However, these databases overlook bryophytes and only two bryophyte databases currently exist,
both from temperate zones. In this chapter, the largest bryophyte trait database to date was
created for 1430 taxa, 51 morphological and reproduction traits, five environmental traits,
thirteen ecological and distribution traits and three conservation traits. It is also novel in that it
includes Malagasy bryophytes. Portuguese bryophytes were also included to inform on Malagasy
species, for which data is scarce. Studies have found that it is possible to extrapolate bryophyte
data from one region to another due to the high dispersal ability of bryophytes resulting in
species, genera and families common to both regions. In the specific case of Madagascar and
Portugal, 34% of Malagasy genera and 64% of Malagasy families are found in Portugal.

In this study, desiccation tolerance traits (morphological and life-history) were selected in order to
investigate how they may affect species’s environmental preferences and if they therefore play a
role in DT. Many traits were found to affect species’ environmental preferences from large-scale
traits such as life-form and plant size to cell shape and spore size. Sporophyte traits had a smaller
effect on overall environmental preferences and so are less informative for desiccation tolerance
than gametophyte traits. Importantly, analyses conducted on Malagasy and Portuguese species
individually showed that their traits have comparable responses to environmental preferences
thus confirming that results from Portuguese species can indeed be used to extrapolate to
tropical ones.

Mosses had many more traits that were significantly associated with environmental preferences
than liverworts. This is likely due to a combination of sample size (due to data availability) and
that many traits were not appropriate for liverworts. It was decided to therefore continue further
analyses on mosses alone, but that future studies should not overlook liverworts. The univariate
tests provided some level of insight into how traits relate to the environment, but due to the
presence of traits with a lot of states and the potential interaction of traits with each other, it was
concluded that a multivariate approach is also needed.

3.1 Introduction

3.1.1 Why use traits?

Species traits can inform a number of topics and issues from physiological questions to
conservation practice (Kattge, Ogle, et al., 2011). Species vary in their natural abundances which is
not only explained by environmental factors but also potentially by the traits of the species
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themselves; for example, vascular plant species requiring specific vectors for pollination will be
less abundant than wind-pollinated ones (Godefroid et al., 2014) and species’ dispersal distance is
often dictated by seed mass (Vazacova & Miinzbergova, 2014). In ecology, traits can be used to
understand relationships between species and their habitat allowing predictions to be made on
ecosystem changes (Albert et al.,, 2010). Trait databases exist for the British flora, for both
tracheophytes and bryophytes (Hill et al., 2004, 2007) and have formed the basis of several
studies on plant interactions with the environment (e.g. Walker & Preston, 2006). From a
conservation perspective, knowing which traits make species more susceptible to threats (e.g.
habitat fragmentation, climate change) and extinction allows practitioners to put in place
effective protection measures. However, a particular trait will not always indicate that a species
has low or high abundance as shown by Godefroid et al. (2014) who compared British and Belgian
vascular flora and found that the response of species rarity to different traits was different in the
two regions. Trait data can also be used as environmental and biodiversity indicators (Kattge,
Ogle, et al., 2011)

3.1.2 What trait research has been done?

Many plant trait databases exist, form regional to global scales (Table 3.1), and in light of the
increase in trait research, efforts to compile these data into standardized databases are underway
(Kattge, Ogle, et al., 2011). Although some databases include tropical regions, most trait data is
from temperate regions. On the TRY database (a compilation of 93 smaller plant trait databases),
there is data on 175 traits from up to 1627 species from Tropical Africa, however, 87% of species
have data on 10 traits or less. Two databases specific to tropical flora exist, although one is
focussed on tree species only (Mariwenn, Ollivier et al., 2007) and the other has very few traits
(RAINBIO, Dauby et al., 2016). However, they indicate the increase in trait research in tropical
areas and provide an important starting point.

Most plant trait research has focussed on vascular plants (Diaz et al., 2016) although the number
of studies on bryophyte traits has been growing. Of the latter, many focus on the role of traits in
bryophyte physiology or the relationship between different traits (e.g. Crawford et al., 2009) with
a few looking at trait-environment relationships (e.g. Rice et al.,, 2008; Kangas et al., 2014).
Categorisation of life-history, life-forms and ecomorphology measures has been attempted in the
study of bryology to allow comparison between species of different geographic regions
(Ktrschner et al., 1999). Functional traits commonly used in the study of vascular plant ecology
(e.g. leaf nitrogen content) have been shown to not be transferrable to bryophytes (Rice et al.,
2008), which is not surprising given the very different morphology and ecophysiology of these two
plant groups.

Of the major plant trait databases, only the PLANTSdata database (Green, 2009) includes
bryophytes (Table 3.1). Only taxonomic data is available for these 2365 bryophyte species and
additional conservation data for 85 of these bryophytes. Currently, two trait databases exist
specifically for bryophytes, BRYOATT (Hill et al., 2007) and BRYOTRAIT-AZO (Henriques et al.,
2017), and DierRen’s (2001) publication lists ecological and distribution data; these all focus on
European bryophytes. Trait data on bryophytes is therefore scarce and is non-existant for tropical
bryophytes. Alpert (2000b, p. 9) stated that: “One of the most promising avenues for future
research will be further comparisons of the physiology and ecology of (...) congeneric species that
differ in ability to tolerate desiccation.” There is some data on drought tolerance, but only on
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vascular plant species: the TRY database lists the drought tolerance of 3324 vascular species. The
trait database created in this study includes 1430 taxa, 51 morphological and reproduction traits,
five environmental traits, thirteen ecological and distribution traits and three conservation traits.

3.1.2.1 Geographic focus

As mentioned above and in the previous chapters, most focus on bryophyte traits has been in
temperate regions with little research into tropical bryophytes. This study will therefore look at
bryophytes in Madagascar, which is one of the least studied tropical bryofloras (see Chapter 1) as
well as potentially being highly threatened. Compiling a database with complete trait data for
sufficient Malagasy bryophytes to ensure a robust analysis would be beyond the time-frame of
this PhD. To record traits for species without recent flora descriptions (as the case with most of
the Malagasy species) requires the consultation of herbarium specimens, original species
publications and taxonomic revisions. Therefore, trait data from a relatively well-known bryoflora,
Portugal, are used in conjunction with Malagasy species to ensure there are enough species for
statistical analyses. Portugal, like Madagascar, is part of a biodiversity hot spot (Myers et al.,
2000) and there is a recent flora (Guerra & Cros, 2006) and Red Data Book (Sérgio et al., 2013)
providing accurate and sufficient information to complete the trait data for these species. It is
possible to extrapolate bryophyte data from one region to another due to the high dispersal
ability of bryophytes resulting in species, genera and families common to both regions
(Vanderpoorten & Goffinet, 2009) and due to the fact that the ecology and community dynamics
of a species found in two regions is comparable (Rydin, 2009). In the specific case of Madagascar
and Portugal, 34% of Malagasy genera and 64% of Malagasy families are found in Portugal.
Although there are no studies directly comparing DT traits in bryophytes from different regions, a
study of DT filmy ferns (Hymenophyllaceae family) showed that the responses to DT are similar in
species that occupy similar habitats regardless if they are from different geographical regions
(Proctor, 2012). It can be assumed that bryophytes will behave similarly, as filmy ferns are very
similar physiologically and ecologically to bryophytes (they are poikilohydric also). Additionally,
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Table 3.1 Examples of large-scale plant species trait databases with the number of traits and taxa present in each; taxonomic groups represented; type of traits; and

geographical coverage.

Available Number Number Taxonomic
Database name digitally of traits of taxa group Type of traits Geographical coverage Reference
BROT Yes 14 952 Vascular plants  Morphological, life-history, geographical ~ Mediterranean Basin (Paula et al., 2009)
LEDA Yes 26 ~3000 Vascular plants  Morphological, life-history Northwest Europe (Kleyer et al., 2008)
BiolFlor Yes 66 3659 Vascular plants  Morphological, phylogenetic Germany (Kihn et al., 2004)
ECOFLORA Yes 130 3842 Vascular plants  Ecological, morphological British Isles (Fitter & Peat, 1994)
BIOPOP Yes 51 4700 Vascular plants  Ecological, life-history Central Europe (Poschlod et al., 2003)
PLANTSdata Yes 50 38000 Vascular plants Morpholo.g|ca|, life-history, geographical, North America (Green, 2009)
and bryophytes conservation
Databases that include tropical species
Mariwenn Yes 32 >60 Tree species Ecological, morphologlcal, physiological, French Guiana (Ollivier et al., 2007)
phylogenetic
Wood Density Yes 4 8412 Woody plants ~ Wood density, geographical Global (Chave et al., 2009)
InsideWood Yes 57 >10 000 Hardwoods Anatomy, geographical, photographic Global (Wheeler, 2011)
RAINBIO Yes 5 26 694 Vascular plants  Habit, taxonomic, geographical Continental Tropical Africa (Dauby et al., 2016)
Royal Botanic Gard
SID Yes 10 33 346 Vascular plants  Seed biological characteristics Global (Royal Botanic Gardens
Kew, 2016)
TRY Yes 52 ~69 000 Vascular plants Morphological, life-history, ecology Global (;;t?)ge, Diaz, etal.,
Bryophyte trait databases
Dier3en No 11 ~1600 Bryophytes Geographical, ecological Europe (DierBen, 2001)
BRYOATT Yes 28 1057 Bryophytes Morphological, life-history, geographical, g .o (Hill et al., 2007)
conservation
BRYOTRAIT-AZO Yes 41 488 Bryophytes Morphological, taxonomic, geographical ~ Azores (Henriques et al., 2017)
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Portugal’s location at the southwestern tip of Europe means its bryoflora has some subtropical
affinities (Sérgio et al.,, 2013) and so reducing the disparity between European and Malagasy
species in terms of trait responses to the environment allowing data from Portuguese bryophytes
to be applied to Malagasy bryophytes.

3.1.3 Conservation

Some studies have related species DT to either distribution or conservation, with varying
conclusions. One study looking at the DT of tropical bryophytes to explain their distribution along
an elevation range found that montane species which are not found in lowland forest do not have
different levels of DT, and that therefore it is not DT that determines their distribution (Bader et
al., 2013). However, it is known that the DT exhibited by bryophytes in experimental conditions
may not reflect their DT in the field (Stark & Brinda, 2015a). In contrast, Pardow & Lakatos (2013)
found that understorey bryophytes have lower DT and so are likely to be more threatened in the
face of habitat change, as well as climate change.

As briefly introduced in Chapter 1 (section 1.2.3.2, p. 32), the Sampled Red List Index (SRLI)
project is currently assessing a worldwide selection of 1500 bryophyte species (Brummitt et al.,
2015). Results from this thesis will feed into it, and subsequently traits identified here will be
correlated with the threat level assigned to those 1500 species. This will provide a large-scale
global analysis of whether there are traits that can be used to indicate extinction risk and
investigate the potential of using morphological traits as an indication of extinction risk for species
that have no conservation assessments.

3.1.4 Environmental indicator values

Plants occupy niches defined by abiotic and biotic factors, and so plants have long been used as
bioindicators for various purposes including determining changes in the local environment
(Diekmann, 2003). Scientists have defined these niches in several ways, most commonly by
quantifying abiotic variables such as light, humidity, pH, and temperature, among others.
Ellenberg in 1950 developed defined “indicator values” based on vascular plant species’
environmental preferences (Diekmann, 2003) and these values have been widely used in plant
ecology. The first such system for European bryophytes was developed by Dill in 1969 and
revised in 1990 (Ellenberg, 1992). Ellenberg then further refined this system for bryophytes with
indicator values for light, temperature, moisture, pH, continentality, and also the morphological
trait life-form (Ellenberg, 1992). This system was expanded upon by DierRen (2001) and provides
values for 12 indicators, see Table 3.2.

Indicator values can be used to: determine the environment at a particular site; assess habitat
quality; compile species lists for particular localities (based on occurrence probability and
potential distribution); and environmental risk assessments (Schaffers & Sykora, 2000). Ellenberg
values, assigned to vascular plants, are used to inform species’ habitat preferences and therefore
to define species’ niches. Similarly to studies using indicator values to inform species distribution,
this study will use Dierssen’s (2001) moisture and light indicator values to relate morphological
traits with the species’ environmental preferences.
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Table 3.2 Indicator values assigned to European bryophytes by DierBen (2001).

Type of indicator Indicator
Geographic Vegetation zone
Continentality
Conservation Threat category
Pollution
Human impact
Environmental pH
Nutrient availability
Humidity
Heat balance
Light
Substrate
Life history Life strategy
3.2 Aim

The aim of this chapter is to investigate whether bryophyte traits that can be relatively easily
observed and measured are significantly related to different environmental conditions, so
allowing for DT to be estimated more easily — this is particularly useful for poorly studied species.

1. Identify and collate bryophyte traits that could potentially indicate DT and create
appropriate trait states for analyses.

2. Create an environmental index (El) based on the humidity and light preferences of each
species.

3. Test if the El relates to bryophyte physiological DT measurements and so can be used as a
surrogate for DT.

4. Examine the relationship between different traits and environmental preferences.
Determine whether temperate and tropical species’ traits have similar effect on species’
environmental preferences.

3.3 Methods

This section provides details on how the trait database was produced including how species were
selected, which data sources were used to obtain the traits and a summary of how certain traits,
mentioned in Chapter 2, were quantified and/or categorised — Table 3.6, p. 106, provides a
summary of all the traits recorded (section 3.3.1.3, p. 99). Information for whether a trait
indicates desiccation tolerance is taken mainly from the bryophyte literature but also from
vascular plant studies. Although vascular plants do not exhibit desiccation tolerance (with a few
exceptions) and therefore traits used in these studies are not related to desiccation tolerance,
they do relate to drought tolerance and so may relate to desiccation tolerance in bryophytes.

3.3.1 Building the database

A database of desiccation-tolerance traits and ecological data for species from two study areas
(Portugal and Madagascar) was compiled from various sources. The structure of the database
follows guidelines outlined in (Kattge, Ogle, et al., 2011) to ensure a level of standardisation, thus
facilitating analysis, and make the data accessible by other researchers, either on their own or
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integrated into other trait matrices. Most standardisation suggested to date has been for vascular
plants but where possible these standards have been adopted or adapted.

Although environmental, habitat, geographic, and conservation data for a species are not strictly
species “traits” because they are ancillary to the species, for the purposes of a trait database they
can be treated as such as they are all measurements of a characteristic (Kattge, Ogle, et al., 2011);
i.e. a value of 1 is a measurement of the variable “humidity” in the same way “0.5 cm” is a
measurement of the trait “plant size”. In this chapter only the environmental variables are
discussed; ecological, distribution and conservation traits are discussed in Chapter 4.

The criteria and process for quantifying and categorising traits is outlined in sections 3.3.1.3 to
3.3.1.5 below. For traits where subjectivity was unavoidable, problems were encountered (e.g.
vague information on a trait) or where only part of the trait was used in analyses the process is
detailed in these sections - for all other traits, their definition in this study, states and categories
are listed below in Table 3.6, p. 106. It is important to include an explanation of this process as
due to the variation and qualitative nature of most of the traits, this process is not self-evident.
This is also important because the manner in which traits are quantified and/or categorised will
obviously have an impact on analysis, results and interpretation.

3.3.1.1 Species selection

The list of species to be included in the trait database changed over the course of inputting data.
Initially all Madagascar bryophyte species were to be included in the trait matrix, however due to
the high number of bryophyte taxa that exist in Madagascar (1144, (Marline et al., 2012)),
comparatively lower research effort there, time constraints and the varying amount of data
available for different species meant that epiphyte and forest species in Madagascar were
prioritised. All Portuguese species were included as it is a much more thoroughly studied flora. All
species that belong to a genus known to occur in forests or is epiphytic, either in Madagascar or
another region, were included. Although an epiphytic species may not necessarily be a forest
species, including all epiphytes maximizes the species pool from which indicators will be chosen.
Also, it is possible that a species that may not be found in intact forests could be found in
disturbed forests. Focussing on this group of species was deemed appropriate as fieldwork was to
be carried out in forest habitat (see Chapter 5). Further, some epiphytic families are taxonomically
well known such as the families Calymperaceae and Orthotrichaceae, meaning that more trait
data are available for them and their identification is relatively easy. These families are also widely
distributed in the humid and littoral forests of Madagascar and in Portugal.

SRLI species

The Sampled Red List Index (SRLI) bryophyte list was cross-checked with the most recent species
checklists for Madagascar (Wigginton, 2004; O’Shea, 2006; Marline et al., 2012) and Portugal
(Sérgio & Carvalho, 2003; Sérgio et al., 2013). This yielded a list of 125 species: 79 species for
Madagascar, 45 for Portugal and one species common to both (see Table 3.22, p. 163). Bryum
argenteum Hedw., common to both countries, is one of the most globally widespread bryophyte
species. These species were all included in the database, even if they are not forest or epiphytic
species in order to contribute to the bryophyte Sampled Red List assessments. Before selecting
the species, the SRLI names were checked against the accepted nomenclature and corrected
where necessary.
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Taxonomy

Taxonomy for families and genera follows Renzaglia et al. (2009) for hornworts, Crandall-Stotler
et al. (2009) for liverworts and Goffinet et al. (2009) for mosses. For each taxon, the phylum,
order, class, genus and species was recorded. Nomenclature of all species included in the
database was checked — all recent synonyms were recorded so that literature and herbarium
searches were conducted using all recent synonyms of a species. Following this check, twenty
species were excluded from the database due to taxonomic doubt.

3.3.1.2 Data sources

Varying amounts of data available for species meant that multiple sources were consulted; the
variety of sources and their prioritisation is shown in Figure 3.1. Sources included specimen
record data from herbaria (including online herbaria databases), literature and field data
(particularly in the case of the Malagasy species where herbaria and literature data are scarce for
many species). The latter data yield information on the species’ distribution and ecology as well as
trait data. For sources used see A3.1, p. 149 and A3.2, p. 150, in Appendix 3. Literature specific to
each study area was prioritized over sources from other geographical distributions. The reason for
this is that some traits within the same species may vary between regions due to climatic
differences (as described in floras (e.g. Smith, 2004; Guerra & Cros, 2006)).

Literature data

Morphological and life-history traits were taken from floras, species publications and taxonomic
treatments, prioritising the most recently published of each. These sources were also used for
environmental, ecological and distribution data where available. In addition, for Portuguese
species, a European phytosociological classification of bryophytes (DierBen, 2001) was used for
environmental preferences, life-strategy and distribution. As the bryoflora of Portugal is well
studied (Sérgio et al.,, 2013), it was possible to find information for most of the traits of all
Portuguese species. For Malagasy species, trait data was lacking for many species due to the
overall lack of study of the Malagasy bryoflora, and particularly in relation to their ecology and
distribution. In some cases, surrogate species were therefore used from other African localities,
giving preference to those from other Indian Ocean Islands and taking traits from species of the
same genus that occupy a similar habitat.

Hill et al. (2007) provide a comprehensive classification of various “attribute data” for British and
Irish bryophytes. These attributes are numerous (28) and for the traits used in this study the
following attribute data was imported: presence and number of vegetative structure types, life-
form and life-strategy. These provided data for almost all Portuguese species, but not for
Malagasy species, except for those species that are found in both Europe and Madagascar.

Specimen data

For Malagasy species, data from specimens was used and includes both freshly collected
specimens (during this PhD’s fieldwork) and 120 herbarium specimens (see Appendix A3.1, Table
3.21, p. 158 for list). Morphological traits were recorded from specimens as well as ecological and
geographical data where available (older herbarium collections do not usually have accurate
geographical or ecological data). Herbarium codes and names follows Index Herbariorum (Thiers,
continuously updated). Different morphological traits were recorded depending on how many
trait data were available from the literature for each species.
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Figure 3.1 Prioritisation of sources used to collate species morphological traits. A species is searched for
first in the national or regional flora (priority 1), if the species is present traits are entered into the matrix,
any missing traits are then searched for in the next source type (priority 2 - herbarium and field
specimens), and so on until all traits are complete, or as many traits can be found in the 4 types of
sources. If a species is not present in the first type of source, then it is searched for in next source type,
until it is found. The same process applies to any missing traits.

Taxonomic uncertainty

As the Malagasy bryoflora is understudied, there are likely to be misidentified taxa. A few
taxonomic groups have had recent revisions, monographs or had type specimens reviewed such
as the Leucoloma (La Farge, 2002a, 2002b, 2002c) and Taxithelium (Camara, 2011). These taxa
were therefore also prioritised during database building.

3.3.1.3 Recording and categorising bryophyte traits

Two terms are used when discussing traits: “state” refers to a term used to describe a trait (e.g.
dendroid, fan, pendant, cushion, turf and tuft are six states within the life-form trait) and
“category” refers to a grouping of states used for analyses in this work (e.g. “open” is a category
grouping dendroid, fan and pendent states and “compact” is a category grouping cushion, turf
and tuft states). The traits are divided into gametophyte, sporophyte and life-history traits as they
are different types of traits: gametophyte traits are present throughout a bryophyte’s life-cycle
and so are those most responsive to environmental conditions; sporophyte traits are only present
for a short period, if at all, and inform reproduction success; and life-history traits inform species
phenology (Violle et al.,, 2007). Although some traits are found in all liverworts, mosses and
hornworts, the morphological differences between these three groups (as described in Chapter 1,
section 1.1.6, p. 12) mean that some types of traits are specific to each.
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Usually when recording traits for a species, several specimens will be measured and an average
taken to represent that species (Lavorel & Garnier, 2002; Kattge, Ogle, et al., 2011; Diaz et al.,
2016). This was done for very few (19) species in this study due to time constraints and also
simply the lack of availability of specimens for some species. However, this was not seen as
reducing the data quality as data taken from floras are already representative of the species’
morphology (except in the case of very rare species where only one or two specimens are known
and so the degree of variation within a species is unknown). Where more than one source was
consulted for a species, if there was conflicting information for a trait, the most recent publication
was used or if it was a quantitative trait such as plant size or altitude, a combination of sources or
range of values based on the sources was used.

All traits, unless otherwise indicated below, were recorded from the hydrated state as some traits
vary depending on the hydration condition of the plant. This allows traits to be compared across
species. For traits where subjectivity (qualitative estimates of trait characteristics: e.g. not shiny,
shiny, very shiny) was unavoidable, problems were encountered or where only part of the trait
was used in analyses the process is detailed in this section. Table 3.6, p. 106, provides a summary
of all traits recorded, whether a trait is categorical nominal, categorical ordinal or continuous, its
definition in this study, and all the trait’s states and categories.

3.3.1.3.1 Gametophyte traits

Plant colour

When only herbarium specimens were available for a species, the colour was recorded but not
included in analyses, as a dried plant’s colour may not reflect their colour in their natural habitat;
albeit bryophytes lose their colour to a lesser extent than vascular plants in herbaria — due to the
previously discussed mechanism of metabolic shutdown in bryophytes. The full range of plant
colours was inputted into the database. A column was automatically generated with all the
colours present in a species coded to assign a colour code to each species e.g. if plant colour is
yellowish green to brown colour is coded as YGBr (see Table 3.23, Appendix A3.5, p. 170). A few
species exhibit a different colour on leaves close to the substrate. This colour was recorded in a
separate column, as well as any colour listed as “occasional”, but only the predominant colours
were used in analyses.

Life-form

Species may exhibit more than one life-form, usually as a result of environmental differences or
growth stage (e.g. young versus adult plants (La Farge, 2002a)). If a flora stated that a species
occasionally had a certain life-form this was omitted from analyses and only the common life-
form was used. If a flora stated that a species was found commonly in more than one life form
then all these life-forms were recorded.

Some classifications also incorporate size into life-form categories (e.g. Tixier, 1966; Chuah-Petiot,
2003) as this has an effect on ecophysiology, but as size is recorded as a separate trait it was not
necessary to include size with life-form. Following a search of several classifications used in both
temperate and tropical bryophyte literature, the classification used in this study (Table 3.3) is a
combination of the classifications from an African flora and a European trait database (Chuah-
Petiot, 2003; Hill et al., 2007) so that the classification covers bryophyte life-forms present in
temperate and tropical habitats. One type of life-form, aquatic-trailing, describes species that
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have pendant or weft life-forms but that live in water (Hill et al., 2007) and so they are maintained
in a separate category due to the different environment they occupy (Glime, 2013a).

Table 3.3 Life-form categories used in this study with their definitions and the source they are taken
from.

Life-form with definition Source
Agquatic trailing — attached to substrate Hill et al. 2007
Cushion - numerous shoots very close together forming dome-shaped = Chuah-Petiot, 2003
colonies & Hill et al. 2007
Mat, rough - creeping, lateral branches erect Hill et al. 2007
Mat, smooth - creeping, branches lying flat Hill et al. 2007
Mat, thalloid - creeping, thalli forming a layer Hill et al. 2007
Turf - vertical stems with little or no branching Hill et al. 2007
Turf, protonemal - persistent protonema Hill et al. 2007
Turf, scattered - scattered vertical shoots Hill et al. 2007
Tuft - loose cushions, not dome-shaped Hill et al. 2007
Dendroid - main stem erect with large leaves at top or many lateral Chuah-Petiot, 2003
shoots & Hill et al. 2007
Fan - branches in plane on vertical substrate Hill et al. 2007
Pendant - creeping stems on twigs with long secondary stems Chuah-Petiot, 2003
Weft - intertwining branched layers Hill et al. 2007
Plant size

Some floras indicate the exact size of species, either an average value (e.g. 3 cm) or the range of
the most common sizes (e.g. 2-6 cm) whereas others provide categories instead (e.g. small or
large). In the latter case other literature and herbarium specimens were consulted to obtain an
exact size but this was not possible for all species. Therefore, to maximise the number of species
available for analyses, and to ensure uniformity across species, species with exact sizes were
classified into minute, small, medium, large and robust (Table 3.6, p. 106) based on classes used in
the literature. For species whose size range varies across more than two categories (e.g. small to
large), the median class was used. Although Crawford et al. (2009) suggest using the maximum
size of a range in case measurements were taken from immature plants, floras use mature plants
to base measurements on and so is not an issue here.

Because categorising a continuous variable is subjective and can remove information from the
data and reduce variation (MacCallum et al., 2002), the exact size (in cm) was also retained in case
the size categories did in fact reduce information in analyses.

Leaf characters

Leaf morphology can vary within an individual plant depending on its position on the plant: base,
middle, apex, main stem or branches. This is particularly the case in pleurocarpous mosses (e.g.
Rigodium genus (Zomlefer, 1993) (see Figure 3.19, p. 162) so care was taken to record traits from
secondary branch leaves (in the case of pleurocarpous mosses where floras give leaf morphology
for both stem and branch leaves) and when observing herbarium specimens from leaves in the
middle of stems or branches. Branches interact more with the environment than the stem as the
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latter is sheltered by the branches, and so | considered that using branch leaf morphology was
valid in a study relating bryophytes to their environment.

Whereas all leaf traits were recorded in the hydrated condition, leaf orientation was recorded in
both hydrated and dehydrated conditions (where available). This is to see if species whose leaf
orientation changes most are associated with a particular environmental condition. For example,
if a species has appressed leaves (closer to the stem: more closed) when dry, but spreading leaves
(further away from the stem: more open) when wet, this could indicate that it is a species
adapted to drier conditions compared to one whose leaf orientation changes little between dry or
wet (Glime, 2015a). The main leaf orientations are shown in Figure 2.5, but combinations of two
states are usually used in the literature, and these were all recorded in the database. A difficulty
arises when species are listed as having two of the states, e.g. erect to spreading. One way to
overcome this was to code each of the main states with a number, and then assign species with
two states with a combination of the numerical value of those states (see Table 3.25 and Table
3.26, p. 171, Appendix A3.5). To analyse the difference between dry and wet leaf orientation, the
orientation value when dry was subtracted from the value when wet.

Appressed or A

| Imbricate
i
\ 1 Erect
A More closed
Patent
: More open
Spreading

¢ B Reflexed or
S Squarrose

Figure 3.2 Schematic representation of the main leaf orientation states with the definition of “more
closed” and “more open” represents in this study. Source: Sarah Stow.
In the case of cell wall shape, many species descriptions in floras stated whether species had weak
or strong shapes (e.g. weakly nodulose; strongly sinuose) and so these were included as states
resulting in seven states for cell wall shape (see Table 3.6, p. 106).

3.3.1.3.2 Sporophyte traits

Spores

Spore size was recorded as a continuous variable, and as spore size for a species is usually given as
a range, the minimum and maximum was recorded and then the mean calculated from this. This
yielded three continuous variables for spore size: minimum size in range, maximum size in range
and mean spore size. Each of these three continuous variables was then also categorised into

102



CHAPTER 3 — RELATIONSHIP BETWEEN TRAITS AND ENVIRONMENT

“small” and “large”, vyielding an additional three categorical variables (Figure 3.3). The
delimitation of small and large was based on the categories delimited by During (1992): small <20
pum and large 220 um. For species that did not have a range of sizes, there is only one continuous
variable and was recorded as the mean spore size.

Continuous Categorical

4 . k B\
T ) Variable with two states:
Minimum spore small (<20 pm)

size in range large (=20 um)

4 . k B\
( ) Variable with two states:

Spore size
range

Mean spore size small (<20 pm)

- 20000 >
L large (=20 um)

|

Maximum spore

Variable with two states:
small (<20 pm)
large (=20 pum)

size in range

Figure 3.3 Categorisation of spore size from three continuous variables resulting in a further three
categorical variables with two states each.

Capsule

Capsule shape has been simplified to 3 categories, though a variety exist (see Figure 3.20 p. 163,
Appendix A3.3). Capsule orientation states, similarly to leaf orientation, were assigned a
numerical value (Table 3.4) due to the existence of intermediate states (for full list of states see
Table 3.27, p. 173, Appendix A3.5). Capsule exertence (how far above the perichaetial leaf the
capsule is held) was categorised as immersed, emergent and exerted, Figure 3.5. Although the
state “immersed” is part of the capsule exertence trait, it is also used as a state in the capsule
orientation trait. Although immersed capsules have an “erect” orientation they are surrounded by
the plant leaves and so interact differently with the environment than emergent and exerted
erect capsules

Table 3.4 Numerical values assigned to capsule orientation states.

Orientation Value assigned
immersed 0

erect 1
erect-inclined 1.5
inclined 2
horizontal 3
horizontal-pendulous 3.5
pendulous 4
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Y P /D

erect inclined horizontal pendulous
cylindrical globose ovoid

Figure 3.4 Capsule orientation (top) and shape (bottom) used in this study. Taken and adapted from Casas
et al. (2006), fig. C, p. 331.

Capsule immersed

Capsule emergent

capsule

seta

Phasum cuspidatum

var. cuspidatum

Orthotrichum

rupestre

Capsule exerted

Bryum

Figure 3.5 The three types of capsule exertence used in this study. Taken and adapted from Casas et al.
2006.

3.3.1.3.3 Life-history traits
Reproductive system

Studies that have looked at the trait of reproductive system have used a classification system with
more than just two states: synoicous, paroicous, autoicous, and dioicous (e.g. Crawford et al.,
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2009; Manyanga et al., 2011). However, in this study reproductive system was scored simply as
monoicous, dioicous or both. Although this reduces information, previous studies have shown
that this is an adequate grouping (e.g. S6derstrom & During, 2005; Kraichak, 2012).

Life strategy

Life-strategy was taken from DierBen (2001) and the Portuguese Red Data Book (Sérgio et al.,
2013). The life strategy categories detailed in Bates (2009) (based on During, 1992) were used in
this study, and the categories used in DierBen (2001) were re-categorised into the former (Table
3.5). Spores are considered “large” when they are greater than 20um in diameter (Bates, 2009).

Table 3.5 Re-categorisation of DierBen (2001) life strategy categories into Bates’s (2009) categories (Table
8.2, p. 327, based on During, 1992).

DierBen life- Life strategy used Determining characteristics

strategy in this study Life span Spores Reproductive effort
f Fugitive <1 year Many small High

c, ce, cp Colonist A few years Many small Medium

pP. pc, ps Perennial stayers Many years Many small Low

a Annual shuttle <1 year Few large High

e Medium shuttle A few years Few large Medium

[, d Dominant Many years Few large Low

3.3.1.3.4 Summary

All traits were qualitative (categorical) except for plant size, underleaf size, spore size, capsule
length and capsule width, which were all quantitative (continuous). Qualitative trait states were
grouped into a limited number of categories in order to allow patterns to be seen as a large
number of categories with narrow value ranges could prevent this e.g. life-form (Godefroid et al.,
2014). Some quantitative traits (plant size, underleaf size and spore size) were also recorded as
categorical variables. In some cases categorisation has been shown to vyield significant
relationships where quantitative values do not (e.g. spore size and sexual system (Crawford et al.,
2009). When creating categories from numerical values attention was paid to not affect the
relative weight each value of a trait may have in subsequent analyses (Wiens, 2001) e.g. spore
size. As the nature of this work is not taxonomic, it was deemed appropriate to group similar trait
states into the same category for analyses. It was shown by Hedends (2001) that this is a valid
approach as traits with a high variability can lead to ambiguity in subsequent analyses. However,
in the database the trait state was still recorded so that the information can be used in future for
other purposes (e.g. taxonomic analyses and broader statistical analysis). Recording the full
variability of a trait also means that this variation can be used as an explanatory factor in analyses
if outliers or unexpected results occur. Although studies using plant trait data tend to use
continuous variables (Diaz et al., 2016), the availability of this type of data is limited in bryophyte
morphology and therefore most traits are categorical (ordinal and nominal). Previous bryophyte
studies have used categorical variables and shown that it is a valid approach that yields
meaningful results (Hedenas et al., 2001).
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Table 3.6 Gametophyte, sporophyte and life-history traits used in this study; the type of variable each trait is; the total number of species that had data for that trait; and
the states or units (in the case of continuous traits) for each trait. States ordered by magnitude in the case of categorical ordinal traits. CatN — categorical nominal; CatO —
categorical ordinal; Con — continuous. % Indicates liverwort-only trait or state; T indicates moss-only trait or state.

Trait

Variable type

Species number

Trait state or measurement unit

Gametophyte traits

Life-form

Plant colour

Plant colour intensity
Plant colour number
Plant shine

Plant size

Plant size category

90T

CatN

CatN
CatO
CatO
CatO
Con

CatO

1155

833

785
860

Agquatic trailing (attached to substrate)

Cushion (dome-shaped colonies)

Dendroid (with stolons and erect shoots)

Fan (branches in plane on vertical substrate)

Pendant (creeping stems on twigs with long secondary stems)
Mat, rough (creeping, lateral branches erect)

Mat, smooth (creeping, branches lying flat)

Mat, thalloid (creeping, thalli forming a layer)

Turf (vertical stems with little or no branching)

Turf, protonemal (persistent protonema)

Turf, scattered (scattered vertical shoots)

Tuft (loose cushions, not dome-shaped)

Weft (intertwining branched layers)

green, yellow, brown, red, purple, black, white

pale, medium, dark

total number of colours

0 -none 1 — some shine 2 —shiny

centimetres

minute 0.1-0.5cm
small 0.51-1.5cm
medium 1.51-4 cm
large 4.1-10 cm
robust 10.1-25 cm
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Trait

Variable type

Species number

Trait state or measurement unit

Leaf orientationt

Recorded wet and dry

Leaf insertion$

Transverse cross-section

Longitudinal orientation

Leaf apex

Leaf surface

Recorded in upper, middle,
and basal regions
Papillose

Papillosity level
Lamina thickness
Cell shape

Recorded in alar and basal
regions

L0T

CatN

CatN

CatN

CatN

CatN

CatN

CatN

CatO

CatN

CatN

857

825

735

982

1007

1008

993

963

985

plane
appressed
imbricate
succubous®
oblique
plane
concave
plane
flexuose
undulate
round
acute
apiculate
lobed?
smooth
cilia

hairs
present
0,123

erect
erecto/patent
patent
incubbous®
horizontal
channelled
keel

secund
falcate

curled

reflexed

squarrose

vertical

plicate

twisted

curved

hair-point — 200pm or more

short hair-point - less than 200pm

acuminate
subulate
papillose
mamillose
prorate

absent

cucullate

scales?

Based on papillae presence in upper, middle and basal regions

unistratose
lamellae
bistratose

undifferentiated

enlarged

multistratose

wide nerve

short

elongate

thick cuticle®

partially bistratose
hyaline

enlarged & hyaline
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Trait

Variable type

Species number

Trait state or measurement unit

Cell wall shape
Upper, middle and basal
Cell wall thickness

Leaf marginal cell shape

Leaf margin denticulation
Leaf margin curvature

Leaf border

Distinct alar regiont

Leaf decurrence

Costa number

Costa termination (length)
Underleaves®
Underleaves size

Water storage structures

Oil bodies®

Oil bodies per cell
Oil body longevity
Trigones®

Trigone size

Vegetative propagules

80T

CatN

CatO
CatN

CatN

CatN

CatN
CatN
CatO
CatO
CatO
CatN
CatO
CatN

CatN
CatO
CatO
CatN
CatO
CatN

949

1006
882

864

820

1288
985
867
962
962
394
129

1025

144
68
36
74
74

904

sinuose sinuouse weak nodulose
porose porose weak straight
thin medium

undifferentiated smaller

enlarged elongate
thickened narrow
entire dentate
denticulate crenulate-papillose
plane recurved

incurved
present absent
present absent
0-none 1 - short

none, single, double

nodulose weak

thick
opaque
hyaline
papillose
revolute

involute

2 —long

none, lower third, middle, upper third, apex or beyond

present absent

minute, small, medium, large

none hyalocyst enalarged cells  hydroid

hyaline cells

sac®  leucocyst sheathing base  petiolate  conduplicate

present absent

number per cell

rapidly fugacious, fugacious, persistent
present absent

minute, small, medium, large

present absent

present/absent
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Trait

Variable type

Species number

Trait state or measurement unit

Vegetative propagule type CatN 873 gemmae leaves tubers
bulbils branches

Number of types of vegetative CatO 873 total number of types

propagules

Sporophyte traits

Spore size Con 783 diameter (um) — minimum, maximum and mean

Spore surface CatN 93 smooth papillose verruca
pilum granular

Seta length Con 562 from base to capsule neck (mm)

Capsule size Con 436 from neck to tip (mm)

Con widest part (mm)

Capsule orientation CatN 557 sub-erect horizontal inclined
erect pendulous

Capsule shape CatN cylindrical ovoid globose

Capsule exertence CatN 547 immersed emergent exerted

Stomata CatN 290 present absent

Peristome CatN 207 present absent

Life-history traits

Reproduction system CatN 973 Monoicous Dioicous Both

Life-strategy CatN 737 Fugitive Perennial stayers Medium shuttle
Colonist Annual shuttle Dominant

60T
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3.3.1.4 Recording and categorising environmental variables

Humidity, light, temperature and pH were taken from DierBen (2001) who provides a
classification for all European bryophytes (see Table 3.7 to Table 3.10). A numerical value was
assigned to each humidity, light and temperature class to be able to apply statistical analyses and
create an environmental index further on. Values range from 1 for the most humid, sheltered and
cold to high values for the driest (9), most exposed (6) and hottest (7) — see Table 3.7, Table 3.8
and Table 3.10 for values assigned to humidity, light and temperature classes, respectively.
DierBen’s environmental classes were used as it gives the range of ecological conditions a species
occupies (e.g. hygrophyte to moderate xerophyte), whereas Ellenberg values (commonly used in
plant studies) give only the most typical ecological conditions (e.g. on moist soils). As the aim is to
select indicator species and as bryophytes have a high phenotypic plasticity it is important to
record their ecological niche across their range, and not just in one part of it (DierBen, 2001). If no
data from DierRen (2001) were available, then the value was assigned based on literature,
herbarium specimens and expert knowledge, but only if these had sufficiently detailed
information.

Table 3.7 Humidity classes in DierBen (2001) and values assigned in this study to each class. e —
extremely; h — highly; c — considerately; m — moderately.

Humidity class Value  Humidity class definition
Rheophyte 1 in (fast) flowing water bodies
Limnophyte 1 in standing water bodies
Amphiphyte 1 temporarily submerged
Hydrophyte 1 adapted to tolerate inundation
e hygrophytic 2 extremely wet

h hygrophytic 3 very wet

¢ hrygrophytic 4 considerably wet

m hygrophytic 5 moderately wet

Mesophyte 6 moderately wet to moderately dry
m xerophytic 7 moderately dry

¢ xerophytic 8 considerably dry

h xerophytic 9 very dry

Table 3.8 Light classes in DierBen (2001) and values assigned in this study to each class. h — highly; c —
considerately; m — moderately.

Light classes Value Light class definition

h sciophytic 1 a.dapted to minimum light supply (<1/300 of the day
light)

¢ sciophytic 5 c.onsiderably adapted to shade (<1/50 of the day
light)

m sciophytic 3 moderately adapted to shade

m photophytic 4 in moderately illuminated habitats

¢ photophytic 5 in considerably illuminated sites

h photophytic 6 growing in full light
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Table 3.9 Temperature classes in DierBen (2001) and values assigned in this study to each class. h —
highly; ¢ — considerately; m — moderately.

Temperature class Value Temperature class definition

h cryophytic distinctly adapted to cold microsites

¢ cryophytic adapted to considerably cold microsites

m cryophytic adapted to moderately cold microsites

mesothermophytic intermediate between cold and warm microsites

m thermophytic living on moderately-heated microsites

¢ thermophytic living on considerably-heated microsites

N~ lwiIN—

h thermophytic living on well-heated microsites

Table 3.10 Acidity classes in Dieren (2001) and respective pH values. h — highly; ¢ — considerately; m —
moderately.

Acidity class Acidity class definition

e acidophytic pH <3.3 Extremely acidic

h acidophytic pH 3.4 - 4.0 Highly acidic

c acidophytic pH 4.1 - 4.8 Considerably acidic
m acidophytic pH 4.9 - 5.6 Moderately acidic
subneutrophyte pH 5.7 - 7.0 Subneutral
basiophyte pH > 7.0 Basic

Some species are found in only one class, but many are found in a range of classes (e.g. high
sciophyte to moderate photophyte). For these, the value assigned was the average of the
maximum and minimum categories; for example, a species with a light range of high sciophyte to
moderate photophyte is given a value of 2.5: this is the average of moderate photophyte (4) and
high sciophyte (1):

(4+1)/2=25

Species that were classified in the humidity class “mesophyte” have a value of 6, as a mesophyte
is defined as living in moderately wet (5) to moderately dry (7) conditions (Table 3.11), which
therefore results in an average value of 6. However, for species that inhabit a range of categories
whose lower or upper limit is the class “mesophyte”, the humidity value was calculated using the
values 5 or 7, not 6. The humidity value of species whose lower value (i.e. wetter) class is
mesophyte was calculated with a value of 5 (e.g. mesophyte to considerable xerophyte). The
humidity value of species whose higher value (i.e. drier) class is mesophyte was calculated with a
value of 7 (e.g. moderate hygrophyte to mesophyte). If this was not done, then misleading
humidity values would be calculated for species and subtle ecological differences missed, as
shown in the example in Table 3.11 below.
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Table 3.11 The effect on a species’ humidity value when using the value 6 for the mesophyte class. The
taxon Orthotrichum cupulatum is a moderate hygrophyte to high xerophyte, and so occupies
environments ranging from moderately wet to very dry. Lophocolea minor is classified as a mesophyte to
considerable xerophyte and so occupies environments ranging from moderately wet to considerably dry.
Therefore, O. cupulatum can inhabit slightly drier environments than L. minor. If the class “mesophyte” is
represented by its mean value of 6 when calculating the humidity numerical value for L. minor, this slight
difference in environmental preference is hidden; however, if the class “mesophyte” is represented by its
lower value, i.e. 5, then this difference is evidenced in the numerical humidity value.

. Numerical
- e L. Wettest class = Driest class = .
Taxon and humidity classification . . . humidity
wettest environment driest environment
value
Orthotrich derat
otrichdm — moderate . moderate hygrophyte high xerophyte =
cupulatum hygrophyte to high
= moderately wet very dry
xerophyte
| ical
class numerica 5 9 7
value
Lophocolea mesophyte to considerable
. i mesophyte =
minor considerable xerophyte =
moderately wet )
xerophyte considerably dry
individual cl
individual class 5 8 6
numerical value
individual class mesophyte = considerable
NOT adjusting for moderately wet to xerophyte =
mesophyte moderately dry considerably dry
individual class
numerical value 6 8 7

NOT adjusting for
mesophyte

3.3.1.5 Physiological parameters

Data on physiological parameters (water relations and photosynthetic activity) was collated from
the literature. Names were checked for synonymy prior to inclusion of a species. Two main
problems can arise when using data from other experiments: methodologies vary and so values
may not be comparable between species and the conditions of a species may differ from the
typical conditions of the species in the region of study, as well as the effect of different field
effects — the conditions a species has been exposed to in the field prior to measuring DT (Stark et
al.,, 2014). As data does not exist for most of the species on the database, surrogates from the
same genus were used where possible. A problem with this is that a surrogate, though of the
same genus, may occupy a different microhabitat. However, in some cases it has been found that
the parameters are not significantly different between two species of the same genus (Song et al.,
2015). To overcome these problems, where methods differ is recorded and the microhabitat of
the species (when mentioned in the study) is also recorded: both substrate and habitat. For
example, boulder under tree canopy is recorded as “rock” and “forest”. Parameters recorded
were: relative water content (RWC), water potential, maximum photosynthetic efficiency (PPFD),
and light compensation point. Data from plasmolysis experiments was not used as they are
considered to overestimate DT in bryophytes (Proctor, 2009).
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3.3.2 Statistics

3.3.2.1 Species environmental preferences

To assess the desiccation tolerance of a species, the humidity and light conditions it is found in
were used. Although a quantitative measure of DT (e.g. photosynthetic recovery) would
accurately measure DT, the aim is to find a method to determine DT without need for
physiological experiments. pH was not included as acidity reflects the substrate a species lives on
(rock, bark, soil), and not the ambient environmental conditions. Temperature was also not
included due to the lower amount of data available and also the fact that where data was
available it might not reflect the field conditions as data is based on laboratory measurements
(DieRen, 2001).

An environmental index (El) from 0.1 (humid and sheltered) to 1 (dry and exposed) was calculated
using moisture and light values, as both moisture and light affect the DT of bryophytes. The El was
calculated using the simple formula:

h 1
El = (6 + g) /2
Where h is the moisture value and [ is the light value. In order to calculate an average, both
values must be relatable and on the same scale so as humidity has 9 classes and light has 6, it was
necessary to divide each value by its respective maximum class value. No weighting was assigned
to either environmental variable.

3.3.2.2 Physiology and environmental preference

Spearman correlation was used to test for a correlation between physiological DT parameters and
the El. Spearman was used rather than Pearson because the physiological parameters had a non-
normal distribution and due to the presence of extreme values (e.g. the average PPFD value was
513 umol m™ s but there were two outliers above 1000 pmol m™s™).

3.3.2.3 Trait and environment analyses

The traits were first individually analysed (with analysis of variance, ANOVA) to maximise the
information available because if analyses were only conducted on all traits together, species with
information missing in just one trait would be removed from these analyses. These single-trait
analyses were carried out to also identify which trait state groupings are the most appropriate for
subsequent matrix analyses in traits that have many states (analyses in Chapter 4). Although
grouping states could be done based on knowledge alone, statistical tests were also used (ANOVA
model simplification and comparison) in order to statistically test for non-significant differences
between states, indicating that they can indeed be grouped together. Analyses were first carried
out on all species together and then on the Bryophyta and Marchantiophyta separately to see if
there are differences between the two phyla (which would be expected as liverworts tend to be
less DT than mosses (Proctor, 2009) and the two phyla have different morphologies). Hornworts
were excluded from analyses as there were only six species and so insufficient data for reliable
analyses. Additionally, as mentioned in Chapter 2, hornworts are not known to be DT, except for
one species. However, they have been maintained in the trait database to allow future analysis,
either for DT or for taxonomic work.
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In order to test the assumption that taxa from Portugal can be used to inform traits of Malagasy
species, the univariate analyses for certain traits and environment were repeated for Malagasy
and Portuguese mosses independently.

Analysis of variance

Forty-six traits were categorical (thirty-two nominal and fourteen ordinal) and five traits
continuous (see Table 3.6, p. 106). Significant differences in the mean El value for each state
within a trait were tested using one-way analysis of variance (one-way ANOVA). Although some
traits consist of presence and absence, and therefore two-sample t-tests would ordinarily be
conducted on these, for simplicity in terms of statistical procedure and presentation of results,
ANOVAs were used as it yields the same results (the ANOVA test statistic F is the t-test statistic, t,
squared) (Sokal & Rohlf, 1995; Crawley, 2013). Ordinal categorical variables were ordered prior to
analysis (e.g. plant size was ordered as: minute, small, medium, large and robust). Light and
moisture values (used to create the El) were also tested, but results are only reported if they
yielded significant results where the El did not, or where they yielded different results to the EI.

One of the core assumptions of an ANOVA is that there is constancy of variance,
homoscedasticity, and therefore this must be tested before carrying out the analysis (Crawley,
2013). Although ANOVA is considered a robust analysis to small deviations from
homoscedasticity, variance can be affected if there are very small sample numbers in a category
(Quinn & Keough, 2002), particularly if the sample size is less than the number of levels in the
factor (i.e. number of states in a trait), and if the study is highly unbalanced (Crawley, 2013). It
was therefore particularly important to test for in this study due to the different sample numbers
in the states of a trait; Levene’s test was used in this study, a commonly used test that is robust to
non-normality compared to other heteroscedasticity tests (e.g. Bartlett or Fligner-Killeen) (Quinn
& Keough, 2002). For traits that failed the heteroscedasticity test (indicated in the results section),
an ANOVA with Welch’s correction was used. The interaction between life-form and plant size
was tested using a two-way ANOVA (Type lll, as samples are unbalanced (Quinn & Keough, 2002)).

For traits where ANOVAs showed significant differences, significant differences between the
mean El of groups, light or moisture values were identified using post-host multiple comparison
tests (a=0.05). Although the ideal procedure is to specify which groups to contrast a priori,
planned comparisons (Sokal & Rohlf, 1995; Crawley, 2005; Ruxton & Beauchamp, 2008), it is
unknown how most traits relate to the El and so unplanned comparisons between all groups were
carried out (also known as a posteriori or multiple comparisons). To reduce the risk of increased
Type | errors associated with multiple comparisons, the Games-Howell post-hoc test was used as
it allows comparisons between groups with very different sample sizes, as is the case for many
traits in this study (Quinn & Keough, 2002; Ruxton & Beauchamp, 2008). For the two-way ANOVA
(life from and plant size) multiple contrasts of the least-square means were used as a post-hoc
test as least-square means are adjusted for unbalanced samples (Quinn & Keough, 2002).

Grouping states via model simplification

In traits that had many states (e.g. colour), grouping of states was undertaken based on the
difference in their mean El and this difference being non-significant. Grouping states together was
undertaken via model simplification using ANOVA to find the minimum adequate model and
check for power lost with model simplification; i.e. comparing the ANOVA model with all states
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and the ANOVA model with states grouped into new categories and checking the significance
value and the number of degrees of freedom gained.

Normality of errors

Normality of errors was checked by inspecting diagnostic plots of the ANOVA models and
undertaking a Shapiro-Wilk test of the model residuals. Although there were very small
departures from normality for some traits, ANOVAs are robust to small deviations from normality,
providing the variances are equal (Sokal & Rohlf, 1995; Crawley, 2013). No transformation of the
El was required for ANOVAs as it follows a normal distribution, for both mosses and liverworts
(see Figure 3.22, p. 174 in Appendix A3.6). Although the Shapiro-Wilk test for non-normality
indicates that both are non-normal (p<0.05), it is a very small deviation from normality: the slight
positive skew in the moss histogram (0.026) is not significant (p=0.401); the slight negative (-
0.258) and the slight platykurtosis (-0.442) in the liverwort histogram are also not significant
(p=0.921 and p=0.887, respectively).

2016) were used.

3.4 Results

Six hundred and eighty seven species had data for all the morphological and reproduction traits
(66% of all species). 80% of Portuguese species had data for all gametophyte traits and 57% had
all sporophyte traits. This number is much lower for Malagasy species; 28% of Malagasy species
had data for all gametophyte traits and only 15% had data for all sporophyte traits. As predicted,
data availability is lower for sporophytic traits. Data completeness for gametophytic traits was on
average 63% (minimum 9% for oil body longevity, maximum 100% for underleaves) and 49% for
reproductive and sporophytic traits (minimum 9% for spore surface and capsule orientation,
maximum 76% for spore size); see Figure 3.21, p. 169, Appendix A3.5. For Portuguese species the
number traits missing per species was very low (an average of 93.9% completeness, lowest
completion rate 75%, and highest 100%) but for the Malagasy species it was high, with 80 species
having no trait data at all (all of them liverworts).

3.4.1 El and physiological parameters

The El is significantly correlated with both relative water content (Spearman correlation= -0.51,
p<0.01) and photosynthetic recovery (Spearman correlation= 0.48, p<0.001) i.e. the higher the El
the better the photosynthetic recovery of a species therefore the more DT a species is.

3.4.2 Traits and environmental preferences

Analyses were carried out only for species with accurate environmental conditions available,
meaning that a maximum of 730 taxa were available for the analyses relating traits to the
environmental variables. This number varied between traits as there was not 100% completion
for all traits (as mentioned above). Although significant differences were found in many traits
when looking at mosses and liverworts combined, analyses carried out on liverworts alone did not
yield significant results for most traits and so only results for mosses only are graphed below. The
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number of species available per trait and summary statistics for ANOVAs are shown in Table 3.17,
p. 136.

3.4.2.1 Gametophyte traits
Plant colour

As there was a high number of total colour states (39), and some were only represented by one
species (see Table 3.24, p. 170, Appendix A3.5), no significant differences could be detected
between different colour types (Fsg497=1.428, p>0.05). Therefore, states were grouped into 3
colour categories only: plants with only green colouring, plants with green and other colours, and
plants with no green colouring (see Table 3.24, p. 170 for groupings). The mean El was
significantly different between the three groups (Figure 3.6 a); species with no green occupy
significantly drier and more exposed environments (0.77 +£0.04SE) than both species with only
green (0.59 +0.02SE, p<0.001) and species that contain green and other colours (0.67 +0.01SE,
p<0.01) (F2,5341=12.69, p<0.001).

When looking just at the number of colours present in a species, species with a larger diversity of
colours occupy drier and more exposed habitats (Figure 3.6 b), though the only significant
difference is between species with only one colour and those with two or three, and not between
other colour numbers (F;53;=13.15, p<0.001) likely due to the small sample sizes of these. Species
with one colour have the lowest mean EI (0.060 +0.02SE). The model can therefore be simplified
to two groupings: whether species have only one colour or if they have more (no significant
difference was found between the two ANOVA models (p=0.916) and 4 degrees of freedom were
saved). It should be noted that the standard error for 4, 5 and 6 colours is large due to the small
number of species in these categories.

There is no significant difference in species that are shiny or have some shine (scored as 2 and 1,
respectively) appearance and so these two states were grouped into “present” and shine became
a binary variable (Figure 3.6 c). Plants with a shiny appearance are found in significantly wetter
and more sheltered environments (0.60 +0.012, p<0.001).

Life-form

Nine species had more than one life-form and these were removed from analysis in order to be
able to look at the effects of each life-form state on its own. This removal did not affect analysis
power as they only made up 1.6% of the total species. When all twelve life-form categories are
compared, the greatest differences in the El are found between turfs and other life-forms, and
tufts and other life forms (see Figure 3.23 and Table 3.28, p. 173). Following simplification of the
initial ANOVA model, life-forms were grouped into six main categories: cushions, tufts, turfs, mats
(smooth and rough mats), open (wefts, fan, dendroid), and aquatic trailing (Figure 3.6 d). An even
simpler model would group together cushion, tufts and turfs, but as cushions and tufts are more
densely arranged than turfs, and cushions are denser than tufts, it was decided that the more
accurate representation of the morphology and ecology is to keep these states separate. There
was also no significant difference between the mean El value of mats and open forms, but again,
as they represent very different plant forms they are kept as separate categories. Overall, closed
life-forms (cushions, turfs and tufts) occupy drier and more exposed habitats than mats and open
life-forms (Figure 3.6 d). Aquatic trailing life-forms had the lowest mean El (0.44 +0.08 SE) as
expected as they are all species that live on the surface of water or submerged.
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Figure 3.6 a) mean El of species with different colour combinations (green refers to species with green
and other colours); b) mean El in different number of colours present; c) mean El of species with or
without shine; d) mean El in the main life-form groups (Cu: cushion; Pe: pendant); e) mean El in different
size categories; f) linear regression of size in cm (size in cm was log transformed to meet normality
assumptions). Sample sizes shown inside base of bars. Means with +1SE and different letters indicate
significant differences based on Games-Howell p<0.05.
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Plant size

The mean El is significantly different between different size categories; this was indicated by both
the size categories and exact sizes (Figure 3.6 e & f) showing that the plant size categories did not
mask differences in the EIl. The smaller the plant the more likely it is to inhabit drier and more
exposed habitats. There is no significant difference in the mean El between the medium and the
robust category, though the difference appears relatively large 0.06 (medium: 0.64 +0.01SE and
robust: 0.57 +0.03SE), and this is likely due to a combination of small sample number and the
presence of a 3 robust species that have a high El (above 0.75): Hypnum cupressiforme var.
lacunosum, Racomitrium lanuginosum, and Squamidium brasiliense. These were double-checked
to ensure that the values were not erroneously recorded.

Life-form and plant size

Overall, minute life-forms occupy drier and more exposed habitats than other sizes but only
within tufts and turfs was there a significant effect of size on the mean El of a life-form (Table
3.12). Minute tufts are found in drier and more exposed habitats (0.82 +0.03) than medium (0.67
+0.02) or robust (0.30 +£0.09) tufts (p<0.05; Table 3.12). Medium sized open forms occupy wetter
and more sheltered habitats than small and minute cushions, tufts and turfs as well as medium
sized cushions and tufts. Size does not therefore have an overall effect on the environment
occupied by life-forms (to see differences between all life-form sizes see Figure 3.24, p. 176, in
Appendix A3.6).

Table 3.12 Differences in mean El (+1SE) of life-forms with different sizes. Highlighted in bold are life-
forms wuthin which size had a significant effect on mean El. Two-way ANOVA with Tukey comparison
test on least-sqaure means, p<0.05.

Difference in

Life-form size comparison mean El 1SE df t value P
minute, Tuft - medium, Tuft 0.158 0.04 512 3.99 <0.05
minute, Tuft - robust, Tuft 0.526 0.1 512 4.61 <0.01
minute, Tuft - medium,Turf 0.202 0.04 512 4.91 <0.001
minute, Tuft - large, Turf 0.251 0.05 512 5.56 <0.0001
minute, Tuft - small,Mats 0.283 0.05 512 5.913  <0.0001
minute, Tuft - medium,Mats 0.207 0.04 512 5.19 <0.001
minute, Tuft - large,Mats 0.245 0.04 512 5.801 <0.0001
minute, Tuft - medium,Open 0.425 0.07 512 5.992  <0.0001
minute, Tuft - large,Open 0.234 0.05 512 5.12 <0.001
minute, Tuft - robust,At 0.386 0.09 512 4.07 <0.05
small, Tuft - small,Mats 0.172 0.04 512 3.93 <0.05
small, Tuft - medium,Open 0.314 0.07 512 4.6 <0.01
medium, Tuft - medium,Open 0.267 0.07 512 3.98 <0.05
robust, Tuft - minute, Turf -0.455 0.11 512 -4.07 <0.05
minute, Turf - large, Turf 0.181 0.04 512 4.55 <0.01
minute, Turf - small,Mats 0.213 0.04 512 4.97 <0.001
minute, Turf - medium,Mats 0.137 0.03 512 4.06 <0.05
minute, Turf - large,Mats 0.175 0.04 512 4.8 <0.001
minute, Turf - medium,Open 0.354 0.07 512 5.25 <0.001
minute, Turf - large,Open 0.163 0.04 512 4.06 <0.05
small, Turf - medium,Open 0.300 0.07 512 4.46 <0.01
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Difference in

Life-form size comparison mean El 1SE df t value P

small,Cushion - minute, Tuft -0.153 0.04 512 -3.97 <0.05
small,Cushion - medium,Open 0.272 0.07 512 4.09 <0.05
medium,Cushion - medium,Open 0.276 0.07 512 4.01 <0.05
large,Cushion - minute, Tuft -0.238 0.06 512 -4.07 <0.05

Leaf orientation

Twenty-seven states were recorded for dry leaf orientation and thirty-two for wet leaf orientation
meaning that, similarly with colour, there were states with very few species and so an a priori
grouping of the states was necessary. Each state was numerically coded (see Table 3.25 and Table
3.26, p. 171, Appendix A3.5) and then grouped according to this value resulting in 8 categories (1,
1.5, 2, 2.5, 3, 3.5, 4, and 5). Species with appressed or imbricate leaves when dry occupy drier and
more exposed habitats than species with more open leaf orientations (Welch’s Fg1379=6.452,
p<0.001), with the greatest difference being between species with appressed leaves and those
with erecto/patent to patent leaves (the El is 0.16 greater in appressed leaves, p<0.001). There
was no significant difference between the mean El of other orientation types. As the mean El of
species with patent and spreading leaves was the same (0.58 +0.04SE) these two states were
grouped into one category. Although there was no significant difference in the mean El of species
with appressed leaves and those with appressed to erect leaves, they were maintained as
separate groups due to significant different Els between the latter group and species with patent
or spreading leaves. The final grouping consists of seven categories for dry leaf orientation (Figure
3.7 a). Leaf orientation when wet does not seem to have an effect on species’ environmental
preferences (F7514=1.368, p=0.217).

Each of the seven category groupings from above were assigned a number (1 to 7), for both leaf
and wet leaf orientation, and then used to quantify the difference in leaf orientation between
hydrated and dry. A negative value indicates that a species’ leaves close when hydrated and there
were few species in which this is the case (n=18, 4.4%). Many species (n=122, 30%) exhibit no
change in their leaf orientation when hydrated although the majority of species (n=269, 66%) do
open out their leaves when hydrated. Overall, species with leaves that open out more when
hydrated occupy drier and more exposed environments Figure 3.7 c). Species with leaves that
open out completely when hydrated (6) occupy significantly drier and more exposed
envrionments that species with leaf orientations that do not change (0) or only open out slightly
(1 to 3) when hydrated (Figure 3.7 c; p<0.05). Species with leaves that close slightly when wet (-1)
occupy significantly wetter and more sheltered environments (0.58 +0.04SE) than species with
leaves that open out completely when hydrated (0.77 +0.03SE, p<0.001).

Apex

As expected, species with hair-points occupy drier and more exposed habitats than those with any
other apex type (except cucullate and subulate apices) (Fg534=16.6, p<0.001) (Figure 3.7 b).
Species with cucullate apices occupy the driest and most exposed environments (0.79 +0.05),
significantly more so than species with acute, acuminate and rounded apices; the latter three
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Figure 3.7 Mean El (+1SE) in: a) leaf orientation when dry (1: appressed or imbricate; 1.5: appressed to
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significantly different; ANOVA and Games-Howell p<0.05.
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apex types occupying the wettest and most sheltered environments of all apex types (Figure 3.7
b). No significant difference was found in the mean El between species with short (0.74 £0.04) or
long hair-points (0.78 +0.02; p=0.90) so these two categories were grouped for subsequent
analyses.

Leaf profiles

Species with a plane transverse profile occupy drier and more exposed habitats than species that
have keeled leaves (0.63 +0.01SE and 0.73 +0.02SE, respectively, p<0.01) (Figure 3.7 d).
Conversely, when looking at the longitudinal profile, species with a plane profile do not occupy
different environmental conditions than species with other profile types (p>0.05, Figure 3.7 e).
However, species that have flexuose or secund leaves occupy habitats that are significantly wetter
and more sheltered than those with curved leaves (0.56 +0.03 and 0.59 +0.01 vs 0.73 #0.03,
respectively, p<0.01).

Cell wall

Suprisingly, cell wall thickeness had no effect on the environmental preference of species (F;s3s=
1.851, p=0.172; Table 3.17) and nor did the cell wall shape of the upper and mid cells
(F3,26.9=0.541, p=0.659; Table 3.17). However, species with nodulose basal cell walls occupy drier
and more exposed environments (0.75 +0.04SE) than species with straight or porose cell walls
(0.66 £0.01SE and 0.60 +0.01SE, respectively, p<0.01). Species with porose cell walls occupy the
wettest and most sheltered environments (Figure 3.7 f).

Whether the deviation from straight basal cell walls was weak or strong had no effect on the
mean El (F,s516=0.454, p=0.635) and so these two states were grouped into a single state in
subsequent analyses: porose, nodulose and sinuose.

Lamina

Species with pluristratose or subulate laminas seem to occupy drier and more exposed
environments (Figure 3.8 a) but this difference is not significant (F;53,=0.858, p=0.463). Species
with lamellae inhabit drier and more exposed environments than those without (F;539=7.99,
p<0.001) Figure 3.8 b).

Leaf surface

As expected, species with papillae occupy drier and more exposed environments than those
without (0.69 £0.03SE and 0.64 +0.03SE, respectively, F;533=6.74, p<0.01; Figure 3.8 c). The more
papillose the leaves of species the drier and more exposed the environment it occupies (Figure
3.8 d) although the only significant difference is between species with no papillae and those with
two-thirds of their lamina with papillae (0.63 +0.01SE and 0.71 +0.03SE respectively, p<0.0001).
Curiously, species that have papillae throughout the length of their leaves occupy similar
environmental conditions to those with no papillae (a difference of only 0.01 +0.05SE in El)
although the lack of statistical significance (t=-0.32, p=0.98) does not allow definite conclusions to
be made.

To determine if a finer level of cell protuberance has an effect on mean El, differences between
papillose, mamillose, and prorate (the latter two classed as non-papillose in the previous analysis)
were tested. Species with papillose cells in either the upper (Figure 3.8 e) or mid lamina
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