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ABSTRACT 

Boreal forest coarse woody debris (CWD) is a dynamic substratum for bryophytes and lichens. 

However, few studies have examined species and genetic diversity associated with different 

degrees of CWD decay. The objectives were to examine species richness and diversity, to 

compare geographic locations and decay classes, and to conduct an indicator species analysis. 

Fifty lichen and 22 bryophyte species were found, with changes in species richness and diversity 

associated with progressive wood decay. Indicator species (Cladonia arbuscula, C. gracilis, 

Parmeliopsis hyperopta, Pleurozium schreberi, and Pylaisiella polyantha) were associated with 

particular decay classes. Genetic diversity and gene flow in the most common lichen Cladonia 

arbuscula were explored by Randomly Amplified Polymorphic DNA (RAPDs) showing genetic 

structure between populations on different substrata. The identification of indicator species and 

species diversity has implications for forest management and conservation efforts to ensure the 

genetic and species diversity is maintained. 
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INTRODUCTION & BACKGROUND 

The boreal forest is the largest terrestrial biome, occupying 14% of the Earth’s land (1.9 

billion hectares) and 33% of all forested lands (NRC 2015). It is located largely within Russia, 

Canada, Alaska, China, and the Nordic countries. Nearly a third (28% or 552 million hectares) of 

the world’s boreal forests are contained within Canada, where they are of considerable 

importance. Boreal forests occupy a large portion of the area of Canada (approximately 55%), 

thereby comprising 75% of Canadian forests. It is home to approximately 3.7 million Canadians 

(~10% of the nation’s population), including 70% of Aboriginal communities (NRC 2015, 

Statistics Canada 2015). Boreal ecosystems are vital to the Canadian resource economy, 

particularly with regards to forestry, mining, and hydroelectric power generation (Brandt et al. 

2013).  

Boreal forests are characterized by an abundance of coniferous trees, chiefly pines, 

spruces and larches, but are also home to many birches, aspens and alders. Global position and 

environmental conditions as well as landscape attributes influence which tree species are present 

or dominant at a given location.  

Being located at high northern latitudes, boreal forests experience relatively low levels of 

precipitation but can have heavy snow cover for a substantial portion of the year. Their northerly 

position also results in a short growing season and a low incidence of solar radiation, which has a 

sizeable impact on the photosynthetic potential of all boreal inhabiting autotrophic organisms. 

These forests are recognized as having a relatively low level of biodiversity compared with 

tropical regions for most groups of organisms, but are generally fairly diverse with regards to 

lichens and bryophytes (Séneca and Söderström 2008, Midgley et al. 2010).   
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Successional cycles of disturbance and regeneration are essential to the health of the 

boreal forest, as this is the primary means by which nutrients are recycled within the ecosystem, 

as well as creating dynamic environments for niche diversity (Brandt et al. 2013). While most of 

the Canadian boreal forest remains intact, the improved efficacy of modern forestry practices, 

along with increasing industry pressures and other anthropogenic activities, have altered these 

cycles (Brandt et al. 2013, Venier et al. 2014).  

One relatively recent development affecting natural forest succession is the collection of 

woody debris, including stumps, branches and harvesting residue, for use as biofuel which in the 

past would have been left behind following timber harvesting (Harmon et al. 1986, Gwiazdowicz 

2011, Jonsson and Siitonen 2012b, Siitonen 2012). The amount of wood debris, also known as 

“slash”, has been greatly reduced in managed forests compared to old-growth forests (Siitonen et 

al. 2000, Siitonen 2001). The presence of forestry slash in Manitoban boreal forests has been 

found to either help or hinder tree and understory regeneration depending on forest type (Kembel 

et al. 2008). Ecosystem-based harvesting alternatives such as variable retention systems take into 

account the benefits of preserving some portions of forest stands (including wood debris) to 

allow for the continuity of inhabiting species and processes. 

 

COARSE WOODY DEBRIS 

Coarse woody debris (CWD) is the name given to larger pieces of dead wood including 

stumps, logs, large branches and snags. The distinction between fine and coarse woody debris is 

somewhat arbitrary with different studies using values ranging from 2.5 to 10 cm as a minimum 

diameter for coarse debris (Harmon et al. 1986, 2004, Olajuyigbe et al. 2011). CWD lends itself 

well to study as it is clearly delimited, accessible, and commonly found (often in large amounts) 
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in most forests (Caruso and Rudolphi 2009), although it proves a challenging subject on which to 

perform experimental studies. Note that there is often a considerable amount of below-ground 

CWD (i.e. roots) present as well, although below-ground CWD was not examined in this study 

as it is not a suitable habitat for lichens or bryophytes. 

CWD may be created through many natural means such as wind action, lightning strikes, 

drought, insects, disease, self-thinning, collision with other falling trees, felling by beavers, and 

natural mortality (Stokland 2001, Jonsson & Siitonen 2012). These may occur randomly, or with 

seasonal, annual, or longer temporal patterns (Harmon et al. 1986). Large scale impacts on forest 

regeneration, succession, and the production of wood debris are most significantly caused by 

insect pests and fire (Brandt et al. 2013). Such disturbances can occur at large (i.e. stand-

replacing) or small (i.e. gap-forming) scales. When large scale disturbances are absent, dead 

wood input is closely related to the growth rates in a given stand (Jonsson and Siitonen 2012a). 

While natural disturbances may add to the CWD present, they can also remove CWD through 

fires, landslides, floods etc. (Harmon et al. 1986). 

The input of CWD into managed forests may vary with the intensity of harvesting, 

management policies, stand characteristics (including successional stage), and environmental 

conditions (Olajuyigbe et al. 2011). Woody debris inputs are heavily affected by modern forestry 

operations which frequently involve fire suppression, the creation of even-aged monocultures, 

and short rotation periods (Stokland 2001, Svensson et al. 2013, Venier et al. 2014). While 

logging may produce a brief pulse of dead wood (along with major changes in canopy 

characteristics) that can be similar to natural disturbances, overall CWD inputs are reduced in 

harvested stands over long time periods (Stokland 2001, Jonsson and Siitonen 2012a). CWD in 

managed forests is generally composed of stumps, while logs and snags are less common, 
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reducing the variety of available habitats (Siitonen 2001). Monoculture stands will also display a 

small range of CWD types (having but a single or very few tree species as sources) and even-

aged stands will result in CWD in a small range of different states of decay (Jonsson and 

Siitonen 2012a). 

 

CWD VALUE  

The presence of CWD has a high ecological value, being an important factor in 

ecosystem health (habitat, forest regeneration, climate regulation) and biogeochemical cycling of 

nutrients and energy (Harmon et al. 1986, Brassard and Chen 2006, Fenton et al. 2006, Jonsson 

et al. 2012). Understanding the roles of CWD in forests is essential for ecosystem management, 

particularly when anthropogenic activities cause large-scale disturbances. 

The amount, size, and type of CWD present, along with the states of decay, can be major 

features when classifying forest stands (Siitonen et al. 2000, Stokland 2001, Brassard and Chen 

2006). CWD itself can alter landscapes through geomorphic effects by modifying topographies 

through the transport (or hindrance of transport) of sediment and soils, e.g. on slopes. It can also 

have a dramatic impact on stream and river sediment transport through debris accumulation, 

affecting water courses and water levels (Harmon et al. 1986). 

The presence of CWD promotes biodiversity by providing a variety of microhabitats (e.g. 

bark surfaces, fissures and cracks, lenticels, exposed woody tissues) at different stages of decay, 

thus varying in both biotic and abiotic conditions, as well as varying over time and space 

throughout the forest. These habitats are suitable for a vast number of species; for example, 

Stokland and Meyke (2008) enumerated 7,589 wood-inhabiting animal, plant and fungal species, 
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and those were only the saproxylic (wood decomposing) species found in the Nordic countries. 

Stokland and Siitonen (2012b) state that the predominant factors influencing the impressive 

biodiversity of saproxylic organisms are “niche differentiation between species, the huge energy 

base that woody material represents, and the coexistence of similar species.”  

Dead wood is found as substratum on or in which a wide range of organisms live 

including bacteria, invertebrates, algae, vascular and non-vascular plants, fungi, and lichens 

(Pentilla et al. 2004, Fenton et al. 2007, Jönsson et al. 2008, Stokland and Meyke 2008, 

Djupström et al. 2010, Gwiazdowicz et al. 2011, Siitonen and Jonsson 2012, Magnusson et al. 

2014, Vindstad et al. 2014, Yamashita et al. 2015). Likewise, larger logs and snags act as homes 

for many vertebrate species (especially birds, reptiles and mammals), which are used for shelter, 

breeding and hibernation. Some trees in forests with heavy ground cover (e.g. bryophyte) require 

‘nurse logs’ on which their seedlings can grow due to the difficulty in competing with 

established bryophyte and vascular plant ground cover (Harmon et al. 1986). Since the 

relationship between some organisms and CWD is obligate, it can be a very important 

substratum for the continuance of rare or endemic species (Berg et al. 1994, Stokland 2001, 

Pentilla et al. 2004, Gärdenfors 2010 in Svensson et al. 2013, Magnusson et al. 2014).  

Anthropogenic activities associated with resource extraction (e.g. road construction, 

vehicle pollution), the extraction itself, as well as industry-caused climate change, are having the 

effect of reducing biodiversity in Canadian boreal forests (Venier et al. 2014). Combined with 

studies showing a drastic decrease of dead wood (up to 90%) when comparing unmanaged to 

managed stands, further declines in wood-dependent populations have been the result in 

managed forests (Berg et al. 1994, Stokland 2001, Brassard and Chen 2006). Timber extraction 

may also degrade the intricate and abstruse species interactions that make up saproxylic food 
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webs, highly complex systems with numerous trophic levels and interrelationships (Stokland 

2012b). Thus, the maintenance of forest biodiversity can be enhanced by ensuring that CWD at 

various levels of decay remain in place following anthropogenic activities (Stokland 2001, 

Moning et al. 2009). 

 

BIOGEOCHEMICAL CYCLING 

Forests have a large amount of biomass, resulting from 20-40% of their net primary 

production being stored as wood (Swift et al. 1979), creating a large volume of potential CWD 

available for recycling within forested ecosystems. Indeed, the majority of net primary 

productivity generated in all mature terrestrial ecosystems is eventually returned to the ground 

surface as plant litter or soluble organic matter and thereby made available for recycling and 

consumption by a diversity of organisms (Swift et al. 1979).  

Dead wood has been found to compose from 20-30% of total tree-based biomass in 

unmanaged boreal forests and up to 70% in recently disturbed stands (Stokland 2001). Thus, 

CWD can constitute a substantial pool of stored organic compounds, elements and energy. While 

woody debris may be a nutrient and energy sink in the short term, in the long run it can become a 

sizeable source of such elements, the gradual release of which to the soil improves forest 

productivity (Harmon et al. 1986, Laiho and Prescott 2004, Grove et al. 2011).  

Although CWD is a good energy source, it is relatively nutrient-poor when compared 

with other forest litter and soils (Tuomi et al. 2011). It does, however, improve over time as it 

decays by accumulating nutrients from litter and throughfall, while also increasing in water 

retention capability (Harmon et al. 1986). Laiho and Prescott (2004) suggest that although CWD 
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contributes a large portion of litter input and forest floor organic matter to ecosystems, it 

provides relatively small returns of N, K, P, Ca and Mg, and thus plays a minor role in boreal 

forest nutrient cycling.    

As the storage and release of carbon can strongly affect surrounding ecosystems 

(potentially on a global scale), CWD is an important factor in the sequestration of carbon 

(Chambers et al. 2001, Bond-Lamberty et al. 2002). Janisch and Harmon (2002) found that wood 

in managed forests with 80 year harvest rotations held only half the carbon of old-growth stands, 

implying that significant amounts of carbon were released when transitioning from old-growth to 

managed stands. 

 

WOOD DECAY 

Up to 90% of a tree’s weight can be composed of plant cell walls, the three main 

components of which (cellulose, hemicellulose and lignin) are all molecularly distinct and 

differing in complexity, each requiring organisms with specialized enzyme systems to carry out 

their decomposition (Swift et al. 1979). Of these, lignin is the most difficult and slowest to 

degrade, and composes a larger proportion of coniferous wood (25-35%) than deciduous wood 

(18-25%) (Stokland 2012a). The slower decay of coniferous wood, coupled with the observation 

that conifer forests produce more CWD than deciduous forests (Harmon et al. 1986), leads to a 

substantial amount of decomposing litter and wood at any given time in boreal coniferous 

forests.  

Terrestrial wood decomposition is chiefly performed by basidiomycete fungi, followed 

by ascomycetes, then bacteria which are typically outcompeted when fungi are present (although 
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bacteria are more important in freshwater and marine systems, Stokland 2012a). Invertebrates 

(predominantly insects) and plants (by root activity) can also facilitate decomposition by 

fragmenting larger wood particles. Grove at al. (2011) found that decomposition of small 

diameter logs (<60 cm, as in this study) was principally via white-rot fungi (ascomycetes and 

basidiomycetes) with more surface rot, while in larger logs rot was more internal by brown-rot 

fungi (which are predominantly basidiomycetes). A negative correlation between CWD size and 

decay rate has been observed (Swift et al. 1979), although other studies found size to have no 

effect on decay rate (Shorohova and Kapitsa 2014). Finer woody debris below 2 cm in diameter 

decays in a similar way to non-woody litter (Tuomi et al. 2011).  

Wood decay itself is difficult to study due to it being a very slow process (from decades 

to centuries), although some simplified models have been created to determine decomposition 

rates, most commonly 𝑌𝑡 = 𝑌0𝑒−𝑘𝑡, where 𝑌0 is the initial biomass, 𝑌𝑡 is the biomass at time 𝑡, 

and 𝑘 is the decay rate (Swift et al. 1979, Stokland and Siitonen 2012a). 

While this single exponential decay model assumes that all of the wood decays at the 

same rate, in reality the many different tissue layers would all be decaying at different rates that 

can vary over time and space, environmental conditions, and by tree and decomposer species 

(Swift et al. 1979, Stokland 2001). Nevertheless, the formula can still prove useful in estimating 

the remaining mass after a certain time or in determining rates for different environments, tree 

species etc. Some studies have detected a sigmoidal pattern featuring a slow lag phase, a fast 

middle phase when easily decomposed substances are accessed, and a final slow lignin 

decomposition phase (Means et al. 1992, Tuomi et al. 2011). These phases can indicate a 

changeover in decomposer species or a change in the substances used as food for inhabiting 

species. 
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Categorical decay stages are commonly used as an indication of decay rates since the 

conclusive determination of the ages or decay rates of observed CWD is difficult in short-term 

studies. There are a number of decay class systems used in published studies (Muhle and 

LeBlanc 1975, Lambert et al. 1980, Stokland 2001, Tobin et al. 2006), most commonly 

consisting of 4 to 5 decay classes. The main characteristics used are typically softness, texture, 

fragmentation, moisture level, and bark presence. One issue with most decay class systems is the 

frequent use of subjective measures, i.e. of wood softness. Classification can also be difficult due 

to a wide variety in the way CWD breaks apart, sheds bark etc. (Sodorstrom 1988c). 

Nonetheless, these systems are still of great utility and have been shown to have ecological 

relevance by representing the internal changes that occur during decomposition (Grove et al. 

2011). There is currently a need for consensus on a particular system to allow more appropriate 

comparisons between studies.  

 

SUCCESSION ON CWD 

As the decay state (and by proxy decay class) can greatly affect the use of CWD by 

organisms, it would be expected that the progression of decomposition would promote a 

succession of inhabiting species. The decomposition activity of saproxylic organisms on woody 

substrate does indeed promote an autogenic succession (that is, driven by internal biotic forces) 

altering the characteristics and quality of the wood and thereby producing a changing 

microenvironment for the use of the CWD substrate as a resource and habitat for organisms. In 

this way “Resource quality is pictured as a factor which regulates the action of decomposer 

organisms in a ‘feed-back’ manner – that is to say that as the nature of the resource is changed by 

the activity of the organisms so this change itself modifies the future activity of the 
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decomposers.” (Swift et al. 1979, p. 118). Also, whether involved in the decomposition process 

or not, the inhabiting organisms themselves can affect successional changes by, for example, 

capturing spores and seeds within thalli or leaves.  

Successions of both bryophytes (Muhle and LeBlanc 1975, Söderström 1988a, 1988c, 

Andersson and Hytteborn 1991, Browning et al. 2010) and lichens (Muhle and LeBlanc 1975, 

Söderström 1988c, Kushnevskaya et al. 2007, Nascimbene et al. 2008a) have been observed on 

CWD as decay progresses from freshly fallen/hewn to completely decomposed, with an overlap 

in species between decay classes.  

Stand-replacing disturbances can reset succession or may even cause a change in course 

along different successional pathways. Alterations of tree succession affects the type and 

availability of CWD habitat for both epiphytes and epixylics (organisms living on plant or wood 

surfaces, respectively) (Jonsson and Siitonen 2012a). Severe disturbances that destroy boreal 

CWD tend to result in difficult recovery periods for late-succession bryophytes and lichens 

(Haeussler et al. 2002, Newmaster and Bell 2002, Fenton et al. 2003, Newmaster et al. 2007). 

Disturbance of the Canadian boreal forest floor from timber harvesting has been shown to cause 

alterations in the understory vegetation communities (Haeussler et al. 2002, Fleming and 

Baldwin 2008, Kembel et al. 2008). 

CWD of course, does not begin as a ‘clean-slate’ since it arrives at the forest floor 

typically already hosting epixylic species. Being now in proximity to the ground and with a 

different set of temperature and humidity conditions allows the potential for other species to 

colonize the CWD. Competition or overgrowth by new colonizers or changes in environmental 

conditions from the wood’s previous location (i.e. buried in snow or in a significantly wetter or 

drier microclimate) may result in the death of epiphytic inhabitants. Colonizing lichens and 
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bryophytes that confer a greater ability to retain seeds and small litter, and the gradual creation of 

organic soil along with an increased water-retention capacity, permits other terrestrial species to 

move in (Harmon 1985, Siitonen and Jonsson 2012). On the other hand, CWD was found to be 

the preferred substratum in early establishment of Sphagnum moss populations in black spruce-

feathermoss forest stands (Fenton et al. 2006). Such changes may begin the paludification 

process having drastic ecological effects, converting boreal forests into peatlands (Rydin and 

Jeglum 2006).  

Since threatened species can be related not only to CWD in general, but to particular 

decay states (Söderström 1988a), it is vital for forest biodiversity that a variety of decay stages 

be present in large enough amounts to maintain the existence of certain species (Muhle and 

LeBlanc 1975, Söderström 1988c, Löhmus and Löhmus  2001, Browning et al. 2010, Lachat et 

al. 2012). The presence of CWD can also change forest microhabitat conditions (e.g. by trapping 

moisture, providing shade or insulation), or by creating niches for a variety of plants, animals, 

and other organisms.  

While the recycling of nutrients within ecosystems is primarily achieved by plants, 

nutrients are newly incorporated into ecosystems by lichens and bryophytes through the 

absorption and accumulation of substances (mainly from atmospheric sources) over the thallus 

surface. These nutrients are gradually incorporated into the surrounding ecosystem by leaching 

or death of the organism. Bryophytes and lichens are subject to very little predation and have 

notoriously slow decay rates, in part through the production of compounds inhibitory or 

deleterious to microbial growth. When combined with their potential longevity, nutrients can be 

sequestered in the thallus for a considerable length of time – until the thallus finally decays, 

freeing up space and providing resources for the next inhabitants. 
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IMPORTANCE OF BRYOPHYTES AND LICHENS 

The bryophytes are common plants in nearly all terrestrial ecosystems throughout the 

world, from the arctic to the tropics, and consists of the mosses, liverworts and hornworts. There 

are roughly 20,000 identified species worldwide (Porley and Hodgetts 2005, Shaw 2009). While 

typically quite small in size, mosses may cover large amounts of the Earth’s surface, and 

Sphagnum alone is the plant genus with the highest surface area cover on Earth at greater than 

1.5 Mkm2 (Rydin and Jeglum 2006). This has the consequence of sequestering substantial 

amounts of carbon in bryophyte tissues (Shaw et al. 2003, Rydin and Jeglum 2006).   

A large number of mosses have been used for centuries as traditional medicines in the 

treatment of wounds, diuretics, kidney and gall bladder stone dissolution, germicides, and many 

other ailments (Johnson et al. 1995). They have also been used as dyes and tanning reagents, 

weaving materials, bricks, and insulation. The peat-forming mosses (i.e. Sphagnum) are of 

particular importance through their use as fertilizer, fuel, and in industrial chemical production. 

Due to their high absorbency they have also been used in various cultures as bandages, menstrual 

pads and diapers (Johnson et al. 1995, Porley and Hodgetts 2005). 

In terms of evolutionary significance, bryophytes played a key role in the early evolution 

of land plants, potentially being ancestral to all other plants (Mishler and Kelch 2009, Oliver 

2009).  

Approximately 18,000 lichen species (Kirk et al. 2008) have been discovered thus far, 

nearly all of which  have ascomycetes as the mycobiont partner with only a scant 50 or so 

species having basidiomycete mycobionts (Brodo et al. 2001, Lutzoni and Miadlikowska 2009). 

Since more than 40% of all known ascomycetes are lichen-forming (Lutzoni and Miadlikowska 

2009) and recent estimates place worldwide fungal species numbers at 1.5 to 5.1 million 
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(Blackwell 2011), there are potentially tens of thousands more lichen species to be discovered 

(primarily in the tropics). Similar to mosses, many lichens cover vast regions of the Earth: 

around 8% of the global surface is lichen-dominated (Lutzoni and Miadlikowska 2009), most 

notably the lichen-woodlands and tundra regions (Payette et al. 2000). It is in these northern 

regions that lichens (particularly the ‘reindeer lichens’ of the genus Cladonia) find their greatest 

consumers, the caribou and reindeer. As the main winter food source for herds of caribou, these 

lichen species are vital to the functioning of boreal forest and tundra ecosystems, especially as 

the woodland caribou have been classified as ‘threatened’ in Alberta, Saskatchewan, Manitoba, 

and northwestern Ontario (COSEWIC 2015). They are also used by other animals as forage, 

nesting materials, and even as a subject for camouflage patterning. Bryophytes and lichens even 

help maintain the conditions of northern ecosystems, by virtue of the vast landscape areas they 

cover they provide substantial insulation under the snow layer in the boreal forest and on the 

arctic permafrost (Soudzilovskaia et al. 2013).  

Humans have found many cultural uses for lichens including traditional medicines (e.g. 

to treat arthritis, fever, constipation, rashes, irritations), dyes, perfume ingredients, livestock 

feed, and even as food (although generally only when no other options were available and with 

significant preparation) (Johnson et al. 1995).  

Many thousands of unique chemical compounds (‘secondary’ or ‘lichen compounds’) 

with a variety of effects have been found exclusively in lichens. Frequently those compounds 

found in the cortex act to protect the underlying photobionts from excessive light (Elix and 

Stocker-Wörgötter 2008, Gaya et al. 2015). Some lichen species, when exposed to high levels of 

ultraviolet radiation (e.g. at high elevations or by experimentation) have been observed to 

produce higher levels of usnic acid (Fernandez et al. 2006) or parietin (Gauslaa and Ustvedt 
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2003), both of which aid to protect the thallus from UV damage. Conversely, other compounds 

can intensify or alter the light waves reaching the photobiont (Solhaug et al. 2010). Although the 

majority of compounds are colourless (Elix and Stocker-Wörgötter 2008), many of these 

substances are pigments, and their combinations in different proportions impart colouration to 

the lichen thallus. Lichen secondary compounds are finding increasing use in the pharmaceutical 

and chemical industries (Huneck 1999).   

An interesting discovery by Bennett et al. (2012) showed that 41% (18/44) of Cladonia 

species tested produced moderate or high protein degradation resulting in the destruction of the 

prions responsible for sheep scrapie and chronic wasting disease. This was thought to have a 

genetic basis and was either present or absent in all members of each species examined. No 

obvious relation was found between substratum (soil, rock, decaying wood) and degradation 

activity. Some species displaying this activity that were found in this study were Cladonia 

chlorophaea, C. mitis, C. multiformis, C. phyllophora, C. pyxidata, C. rangiferina, C. verticillata 

(Bennett et al. 2012), and Parmelia sulcata (Johnson et al. 2011). 

Despite being from completely different kingdoms of organisms, bryophytes and lichens 

share many features that cause them to inhabit similar niches. Many species in both groups are 

poikilohydric (capable of tolerance to and recovery from desiccation, in some cases possibly 

withstanding extreme levels of dehydration) which can allow growth in areas impossible for 

other plants to colonize such as exposed rock or on desert sands (Proctor 2000, Proctor and Tuba 

2002, Oliver 2009). As bryophytes and lichens have little control over dehydration itself (no 

stomata, cuticle etc.), this tolerance allows survival in many hostile environments. Another 

related shared feature is the absorption of water vapour and airborne particulates directly through 

the thallus.  
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Partly as a result of these traits, they are further linked by a susceptibility to airborne 

pollutants, and have been used extensively in biomonitoring studies of radionuclide, heavy 

metal, and toxin accumulation (Batič 2002, Heinrich and Remele 2002, Garty 2002, Larsen et al. 

2007, Purvis et al. 2010), as well as in studies of global climate change (Lang et al. 2012, Ellis et 

al. 2014, Darnajoux et al. 2015). Thus either lichens or bryophytes may be used, experimentally 

or passively, in the detection and monitoring of pollutants and large-scale environmental change.  

One of the most important ecological roles of both bryophytes and lichens is substratum 

weathering, which may result in degradation of the substratum and creation of soils. This is 

partly a result of the ability of certain species to successfully colonize and establish on new or 

newly disturbed substratum, which can initiate successional pathways that lead to the 

transformation of rock and organic matter into soil (Wage and Dickson 1965, Adamo and 

Violante 2000, Chen et al. 2014).  

These factors (colonization, environmental sensitivity, microhabitat specificity) come 

together to make both bryophytes and lichens potentially well suited as indicators of a great 

number of ecological attributes, from minute differences in bark features to overall forest health. 

Thus, their diversity has much to teach us about the environs in which they exist. 
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STUDY SPECIES: CLADONIA ARBUSCULA  

The lichen selected for genetic analysis, Cladonia arbuscula (Wallr.) Flotow., is an erect, 

thin, fragile, highly branched fruticose lichen (Figure 1). It is a member of the “reindeer-lichen” 

clade (formerly the genus Cladina) in the Cladoniaceae family, order Lecanorales (Ahti and 

DePriest 2001). These lichens are differentiated from the majority of Cladonia species by 

lacking both squamules and an outer cortex (Brodo et al. 2001).  

As a major component of numerous ecosystems (tundra, lichen woodlands, boreal forests, 

bogs, and heaths) (Ahti and Oksanen 1990) this species is known to be of particular importance 

as winter forage for caribou, due in part to it being abundant, relatively long-lived, and having 

the ability to quickly regenerate (Bergerud 1972, Boudreau and Payette 2004). Studies of C. 

arbuscula suggest that gene flow occurs among populations which may be short (Robertson and 

Piercey-Normore 2007) or long (Myllys et al. 2003) distances apart. The presence of apothecia 

in this species, although they appear uncommonly, are evidence of sexual reproduction and may 

provide some genetic variation. However, conidia are produced in pycnidia, and can act as both 

vegetative and sexual gametes (spermatia). Pycnidia are very common for C. arbuscula and 

other reindeer lichens (Robertson and Piercey-Normore 2007).  

Cladonia arbuscula does not release any symbiotic propagules, although the fragility of 

the very thinly branched thallus results in frequent vegetative reproduction and potentially 

dispersal by fragmentation of the branched thallus. It would thus be expected that the majority of 

its reproduction would occur as vegetative reproduction; and therefore, low genetic diversity 

would be expected among populations. 
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Figure 1: Thallus of Cladonia arbuscula showing the highly branched nature of the thallus with 

branch tips that frequently contain pycnidia. Photo by V. Brautigan. 
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BIODIVERSITY AND GENETICS 

Genetic variation, and thus biodiversity, is a primary driver of sustainable ecosystems. 

Genetic variation among populations results from gene mutation and sexual recombination, the 

exchange of alleles between individuals and populations allowing for adaptation to changes in 

environmental conditions. Depending on the species and environmental conditions, lichens and 

bryophytes may use multiple methods of reproduction including sexual reproduction, strictly 

asexual reproduction, or both asexual and sexual reproduction simultaneously. Thus, the trade-

off between species continuity and genetic variability faced by many organisms is also present in 

both lichens and bryophytes. 

Sexual reproduction in many lichens is thought to be heterothallism (the requirement for 

two different compatible partner individuals) for those lichen species in which it has been studied 

(Honegger et al. 2004a, Seymour et al. 2005, Honegger and Zippler 2007). Additionally, the 

ascospores (mycobiont sexual propagules) require dispersal to the proximity of, and genetic 

recognition of, a compatible species or taxon of photobiont in order to form a lichen association 

(Honegger 1996, Athukorala et al. 2014, Athukorala and Piercey-Normore 2015). The situation 

can be similar for dioecious bryophytes where both the male and female must grow within 

dispersal range of male gametes (spermatia). Bryophytes also have a requirement for water to 

enable sexual reproduction as the spermatia must swim to the female egg using flagella, but they 

are not reliant on symbiotic partners in the same manner as in the lichen symbiosis.    

Successful dispersal of a species can be enhanced by the many methods of asexual 

propagation: fragmentation or gemmae in bryophytes, and conidia (mycobiont only), 

fragmentation, isidia, or soredia (myco- and photobiont) in lichens. For lichens, those asexual 

methods where both symbionts are present in the same propagule are more reliable than 
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ascospores or conidia, such that arriving at an adequate habitat then becomes the primary factor 

for establishment. Some bryophyte (Frahm 2007) and lichen (e.g. Brodo 1995, Hestmark et al. 

2004) species are considered sterile, having never been observed to reproduce sexually.  

Examination of the variation and distribution of genetic markers can provide insights 

regarding the makeup of populations and gene flow between populations. For sessile organisms 

such as plants and lichens, evidence of gene flow between populations suggests that propagule 

dispersal may have occurred in at least one direction. The pattern of gene distributions may 

reveal aspects of mating behaviour or other evolutionary processes. The presence or absence of 

sexual reproduction can be inferred by examining the heterogeneity of DNA sequences among 

unlinked loci within members of the same species, with little to no difference in cladograms 

produced from each locus indicating asexual reproduction (Honegger and Zippler 2007).  

As biodiversity is of high importance for the stability of ecosystems, knowledge of the 

reproductive and dispersal strategies of the inhabitants is essential to understanding these 

processes (Werth et al. 2006). 

 

OBJECTIVES 

While the succession of species on CWD is an area of growing interest, in part due to the 

increased use of CWD for biofuels and its subsequent effect on post-harvest ecosystems, studies 

have focused on managed or post-clear cut forest stands, while fewer studies have examined 

areas unaffected by forestry activities. Further, CWD succession has rarely been studied in the 

Canadian boreal forest and even less in Manitoba. If local species with a high fidelity to 

particular decay classes are identified, they can provide forest managers with a means of 



20 

 

 

determining a general state of wood decay contributing to an indication of broader forest health. 

The maintenance of biodiversity can then be enhanced by ensuring that CWD at various levels of 

decay remain in place following anthropogenic activities (Moning et al. 2009, Browning et al. 

2010, Svensson et al. 2013). A greater understanding of the process of habitat selection may 

emerge by understanding gene flow among populations of a species. 

The general aim of this study is to better understand the importance of CWD for forest 

productivity, the relationships between lichen/bryophyte species and stages of wood decay, and 

provide insights into the diversity and conservation of forest communities. The main objectives 

are:  

a) To determine the influence of wood decay on the species richness and diversity of CWD 

inhabiting lichens and bryophytes. 

b) To identify indicator species for the Manitoban boreal forest with respect to the   

microhabitats created along the stages of progressive wood decay. 

c) To examine genetic variation in a representative species (Cladonia arbuscula) found on all 

CWD decay classes by:  

 inferring whether sexual or asexual reproduction was occurring. 

 determining the population structure among the three boreal forest locations. 

 determining the population structure among substrata (CWD decay classes and 

terrestrial). 
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METHODS 

STUDY AREA AND SAMPLING 

The field study occurred in the summer of 2013. Fifteen 50 meter square sites were 

selected for homogeneity of cover (low, with a majority of CWD units (71%) having less than 

50% canopy overhead), similarity of habitat and vegetation, and accessibility. These sites were 

clustered in three locations (named for the roads which gave access to them: Sherridon (S), North 

Star (N), and Athapapuskow (A)) and are described in Table 1. All three locations were situated 

in the Northwestern Manitoba boreal shield ecotone in the Flin Flon region (Figure 2).  

Sites displayed a lack of recent (<20 years) forestry activity. Elevations ranged between 

301-362 meters. The five main tree species present were Betula papyrifera (paper birch), Picea 

glauca (white spruce), Picea mariana (black spruce), Pinus banksiana (jack pine), and Populus 

tremuloides (trembling aspen), with tree dominance varying between sites (although typically 

jack pine). 

Within each site, six units of CWD (stumps, branches or logs) with a minimum diameter 

of 5 cm were randomly selected for examination (except for site N1 at which an additional 

(seventh) CWD unit was sampled) by following compass bearings provided by a random number 

generator as transects proved inadequate due to the highly dispersed CWD and intervening 

terrain features (steep rock faces etc.). Snags (dead standing trees) were not included as they are 

generally only found in decay stages 1 or 2 with little decay variation (Stokland 2001).  

Dimensions of the CWD units were measured using measuring tape either as 1) cylinders 

ranging from 5 - 34 cm in diameter and 8 - 50 cm in height, or 2) planes when broken / 

decomposed enough to no longer be cylindrical, with a maximum surface area of 25 x 50 cm as  
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Figure 2. Map of Manitoba showing study locations (Creative commons, inset map by Jennifer Doering 2014).



23 

 

 

Table 1. Site locations, coordinates, elevations, and descriptions with tree species present. Decay classes are indicated in the text. 

Location (Site) Coordinates Elevation (m) General site description and tree species present 

Sherridon (S1) 54º52’03” N - 

101º28’26” W 

362 Partially exposed bedrock, moderate ground cover 

Picea mariana, Pinus banksiana, Populus tremuloides 

Sherridon (S2) 54º47’49” N - 

101º27’42” W 

341 Dominant Pinus banksiana, full ground cover with heavy needle debris 

Picea glauca, Picea mariana, Pinus banksiana, Populus tremuloides 

Sherridon (S3) 54º46’03” N - 

101º29’22” W 

352 Partially exposed bedrock, heavy ground cover 

Betula papyrifera, Picea mariana, Pinus banksiana, Populus tremuloides 

Sherridon (S4) 54º43’54” N - 

101º32’41” W 

n/a Flat, sandy, dominant Pinus banksiana, heavy needle debris 

Betula papyrifera, Pinus banksiana 

Sherridon (S5) 54º42’25” N - 

101º32’51” W 

318 Flat, sandy with steep ridge, only saplings, leaf debris 

Betula papyrifera, Picea mariana, Pinus banksiana, Populus tremuloides 

North Star (N1) 54º46’37” N - 

101º37’02” W 

332 Sandy flat with some exposed bedrock, heavy ground cover 

Picea glauca, Picea mariana, Pinus banksiana, Populus tremuloides 

North Star (N2) 54º45’26” N - 

101º38’19” W 

324 Edges of high rock outcrop next to lake, heavy ground cover 

Picea mariana, Pinus banksiana, Populus tremuloides 

North Star (N3) 54º44’41” N - 

101º39’08” W 

309 Top of bedrock outcrop, heavy ground cover 

Picea glauca, Pinus banksiana, Populus tremuloides 

North Star (N4) 54º43’57” N - 

101º39’56” W 

306 Base of bedrock outcrop, exposed, heavy ground cover 

Betula papyrifera, Picea glauca, Pinus banksiana 

North Star (N5) 54º41’51” N - 

101º40’52” W 

334 Base of bedrock outcrop, exposed, mod. ground cover, needle debris 

Betula papyrifera, Picea mariana, Pinus banksiana, Populus tremuloides 

Athapapuskow 

(A1) 

54º30’41” N - 

101º32’36” W 

319 Limestone table, exposed, full ground cover vascular, leaf and needle debris 

Picea mariana, Populus tremuloides 
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Athapapuskow 

(A2) 

54º30’57” N - 

101º31’55” W 

313 Limestone table, rocky, along edge of treed area, leaf debris 

Betula papyrifera, Picea mariana, Populus tremuloides 

Athapapuskow 

(A3) 

54º31’31” N - 

101º30’27” W 

301 Limestone table, along edge of treed area, saplings 

Betula papyrifera, Picea glauca, Populus tremuloides 

Athapapuskow 

(A4) 

54º31’54” N - 

101º29’28” W 

312 Limestone clearing, leaf debris 

Picea glauca, Pinus banksiana, Populus tremuloides 

Athapapuskow 

(A5) 

54º32’11” N - 

101º28’30” W 

304 Limestone table, exposed, low ground cover 

Betula papyrifera, Picea glauca, Pinus banksiana 
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bounded by two 25 x 25 cm metal frames (= 1250 cm2). Mean CWD sampled surface area was 

1099 cm2.  

 

DECAY CLASSES 

The level of wood decomposition of each CWD unit was categorized according to the system 

of five decay classes by Stokland (2001). This was taken to be the average level of decay within 

the sampled area which, along with the use of five decay classes and a relatively small and 

consistent size sample square, helped to reduce the potential or actual heterogeneity of decay 

throughout each CWD. Decay classes were as follows: 

1. Recently dead – The bark was still attached and the wood was hard (as measured by 

application of pressure with a pencil). There was little to no fungal mycelium under loose 

bark. 

2. Weakly decayed – The bark was loose or beginning to fall off and the wood was hard or 

slightly soft (rot <3 cm from the surface). 

3. Moderately decayed – The outer or inner wood was soft, with the other hard (as at this point 

decay can progress outwardly or inwardly depending on the type of rot, Grove et al. 2011) . 

Wood was moderately fragmented. 

4. Heavily decayed – The wood was soft throughout, with no or few hard parts. Wood was 

heavily fragmented. 

5. Almost completely decayed – The wood was disintegrating, with some completely 

decomposed. Wood was heavily or completely fragmented. 
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FIELD COLLECTION 

The presence of all macrolichens and bryophytes found within the sample area on each 

CWD unit was recorded. Small samples were collected of each species present to retain as 

vouchers. Species that were not identifiable in the field were assigned to broad morphological 

groups, genera etc. along with descriptions to permit estimation of cover and they were later 

identified to species in the lab. Vouchers were stored in the cryptogam division of the University 

of Manitoba Herbarium (WIN). Only living, visible species (that is, macroscopic and on exposed 

surfaces) were collected. To avoid missing the numerous innocuous crustose lichens, which 

would have required removing the CWD from the sites, they were not recorded or collected. 

While crustose lichens can in some cases form a considerable portion of the lichens living on 

bark and wood, the difficulties involved in incorporating their percent cover made them 

unsuitable for this study. Thus, for the remainder of this study, all reference to lichens should be 

taken to mean macrolichens (i.e. foliose and fruticose). Only a single macroscopic non-

lichenized fungus (an Ascomycete) was found and was not included in the dataset. General 

categories of ‘vascular plants’ and ‘litter and debris’ were also recorded but they were not 

collected. ‘Reindeer-lichens’ (i.e. Cladonia arbuscula, C. rangiferina, C. stellaris) from the 

remainder of each site were also collected to provide a representative sample of the surrounding 

terrestrial species and as potential subjects for the genetic study. 

Percent cover value for each species or taxon was estimated by breakdown of the quadrat 

into smaller subunits. Estimation was to the nearest 5%, species displaying less than 5% cover 

were given a value of 2.5% for statistical analysis.  

Vouchers were identified to species level in the lab through compound light microscopy 

and stereo microscopy, lichen chemical tests, comparison with herbarium samples, current 
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literature, and identification keys (Ireland 1982, Goward 1994, Goward 1999, Brodo et al. 2001, 

Crum 2004, Hinds and Hinds 2007, Lincoln 2008). To avoid bias, species discovered only under 

microscopic examination (i.e. not visible to be recorded during field collection) were not 

recorded. Bryophyte nomenclature follows the Tropicos database at the Missouri Botanical 

Garden (Tropicos.org 2015). Lichen nomenclature follows Esslinger (2015). 

 

THIN LAYER CHROMATOGRAPHY 

Thin layer chromatography (TLC) (Orange et al. 2001) was performed to differentiate 

species where required. TLC was also performed on all “reindeer lichen” samples (Cladonia 

arbuscula, C. rangiferina, C. stellaris) and those similar in appearance (i.e. C. amaurocraea, C. 

uncialis) to ensure accuracy of identification. Secondary compounds were extracted from the 

lichen thalli and transferred to glass slides for storage using acetone as a solvent. Following 

acetone evaporation, a precipitated powder of secondary compounds remained on the glass slides 

which were subsequently resuspended in acetone drops and spotted onto silica-coated glass TLC 

plates. Plates were then allowed to absorb ‘solvent A’ (toluene/dioxane/acetic acid 180:45:5) 

until the solvent front reached the top of the plate. After drying, each plate was observed under 

long (365 nm) and short (255 nm) wave UV light and spot characteristics were marked on the 

plate with pencil. Next, the plates were sprayed with 10% sulphuric acid, dried, then heated at 

80oC for 25 minutes. At each stage, spot location and colouration were recorded and finally 

compared with known Rf values to determine the lichen compounds present.   
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DNA EXTRACTION AND AMPLIFICATION 

The species most frequently found in common between both the CWD (Present on 41/91 

CWD units, in 13/15 sites) and the surrounding terrestrial substrate (present in 13/15 sites) was 

Cladonia arbuscula. Since this species also displayed the highest maximum percent cover (90%) 

and when present always provided enough material for DNA extraction and voucher 

preservation, it was selected for the molecular genetic study. Note that C. arbuscula was 

considered in its broad sense as including C. arbuscula subsp. mitis and other putative subspecies 

which were not differentiated as they have not been shown to be monophyletic groupings 

(Piercey-Normore et al. 2010).   

Small portions of thallus (approximately 1.5 cm long) were removed from each collected 

sample (n = 57) of C.  arbuscula, cleaned of any foreign material and washed with acetone to 

remove surficial secondary compounds (this acetone/lichen compound solution was used further 

in the TLC extraction process). For DNA extraction a hexadecyl-trimethyl-ammonium bromide 

(CTAB) buffer was used, following a protocol that was modified from Grube et al. (1995).  

Randomly Amplified Polymorphic DNA by the Polymerase Chain Reaction (RAPD-

PCR) is the amplification of genomic DNA using primers (typically decamers) of arbitrary 

sequence, potentially producing multiple DNA fragments. When visualized via gel 

electrophoresis, they produce ‘genetic fingerprints’ (Murtagh et al. 1999, Lumbsch & Schmitt 

2002). These fingerprints provide fine resolution for discrimination between genotypes within 

species, which can prove difficult using specific locus primers (Weising et al. 1995, Murtagh et 

al. 2002). Other advantages of RAPD-PCR are the small amounts of thallus required and the 

knowledge of specific target nucleotide sequences is not necessary. RAPD-PCR is, therefore, 

useful for species whose genomes have not been sequenced (Murtagh et al. 1999). The most 
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significant drawback is that the non-specificity of arbitrary primers can easily amplify the DNA 

of untargeted organisms and thus extra caution must be applied to avoid contamination.    

The separation of symbionts in this species can prove difficult due to a very fragile 

thallus and the rarity of apothecia from which to collect ascospores. Since the thallus extractions 

contained the DNA of both algal and fungal symbionts, the lichen haplotypes were considered to 

be that of the obligate association as a whole. This can be justified by the finding of only two 

algal genotypes present as the photobiont partner of Cladonia arbuscula, which were segregated 

into southern and northern Manitoba populations (Robertson and Piercey-Normore 2007, 

Kotelko et al. 2008). Results from genotype analysis in the northern region (in which this study 

area was contained) found a single algal genotype in C. arbuscula. The closely related C. 

rangiferina was also found to have a single algal genotype in an area coinciding with that of this 

study (Piercey-Normore 2004). It has been shown that fungal selection for particular algal 

genotypes has occurred within these and other Cladonia species, and that variation between the 

algal genotypes associated with Cladoniaceae species was very low (0-5%) (Piercey-Normore 

and DePriest 2001, Piercey-Normore 2004). Thus, the variation observed here may be assumed 

to be predominantly that of the fungal symbiont, keeping in mind that the aforementioned studies 

were investigating variation in specific genes, whereas RAPD-PCR examines the entire genome 

(Lumbsch and Schmitt 2002).   

Twenty different ten-base primers (Sigma-Aldrich, Oakville, Canada) that had previously 

been demonstrated as functional in RAPD-PCR for various lichen species (Murtagh et al. 1999, 

Honegger et al. 2004b, Seymour 2005, Honegger and Zippler 2007, Athukorala et al. 2015) were 

screened, of which seven provided the most favourable amplification of C. arbuscula (Table 2). 
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Each primer was then optimized with respect to PCR reagent amounts and PCR cycle 

temperatures.   

Table 2: RAPD-PCR primers used. 

Source ID        5’ > 3’           

OPA-03 AGTCAGCCAC    

OPA-05  AGGGGTCTTG    

OPA-09 GGGTAACGCC    

OPA-10 GTGATCGCAG         

OPB-17 AGGGAACGAG    

OPD-03 GTCGCCGTCA       

OPD-16 AGGGCGTAAG  

   

All C. arbuscula samples were amplified with each primer following the PCR methods 

outlined by Arup (2002) and Lumbsch and Schmitt (2002). Each 20 µL PCR reaction was 

prepared on ice and contained 1X PCR buffer (FroggaBio GeneDirex, Toronto, Canada), 2.0 

mM of MgCl2, 1μM primer, 0.2 μM of each of dATP, dCTP, dGTP and dTTP, 1.5 U of Taq 

DNA polymerase (Invitrogen Life Technologies, California, USA), approximately 5 to 50 ng 

DNA, and 12.3 μL sterile distilled H2O to final volume. Each set of PCR reactions was 

accompanied by a negative control (i.e. lacking DNA) to detect contamination in the reagents.  

Amplification was performed in a T100TM thermal cycler (Bio-Rad Laboratories, 

Hercules, USA). Amplification cycle conditions were: an initial denaturation step of 3 min at 94 

oC, then 40 cycles of denaturation for 30 sec at 94 oC, annealing for 40 sec at 30 oC (OPA-09), 

32 oC (OPD-17), 34 oC (OPA-3, OPA-05, OPA-10, OPA-11, OPD-13), 35 oC (OPD-3), 36 oC 

(OPB-17, OPD-16, UBC-60), 40 oC (OPB-10), and elongation for 80 sec at 72 oC, with a final 

elongation stage of 5 min at 72 oC.    
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Genomic DNA and amplified PCR products were run through 0.8% agarose 

electrophoresis gels in TBE (Tris 0.089 M, Boric acid 0.089 M, EDTA 2 mM) buffer for 30-35 

min at 118 volts. Detection of DNA bands was by ethidium bromide (0.5 mg/mL) staining with 

gel visualization and photography by an Alpha Innotech 2200 Gel Documentation System 

(Fisher Scientific, Ottawa, Canada), an example is presented as Figure 3. 

The presence or absence of each band was recorded (scored visually as “1” or “0” 

respectively) by comparing the intensity of the 500 bp fragment in a 1Kb DNA RTU (Ready-To-

Use) standard ladder (Frogga Bio, Toronto, Canada) with the band intensities produced by each 

primer. Bands representing equal fragment sizes were assumed to be the same sequence 

(Weising et al. 1995). 

Figure 3. Example electrophoresis gel: Primer OPA-10, lanes 1 to 3 are Cladonia arbuscula 

samples number 30 to 32, lane 4 (“L”) is the standard ladder marked at 250, 500, 1,000 and 

3,000 bp, lanes 5-9 are C. arbuscula samples 33 to 37. 

30         31         32          L         33         34        35         36         37 

3,000 bp 

1,000 bp 

250 bp 

500 bp 
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STATISTICAL ANALYSIS 

All data were examined for the assumptions of normality and heteroscedasticity with 

normal probability plots, plots of means versus variance, and plots of fitted values versus 

residuals, and found to have minor deviations from normality/ heteroscedasticity. 

Transformations were performed but did not improve normality and were therefore not used for 

the data. Data exploration followed the protocols outlined in Zuur et al. (2010) when appropriate.  

The frequency of occurrence for each species was taken as the mean of the number of 

CWD units on which the species was present. Species richness (S) was counted as the total 

number of CWD inhabiting lichen / bryophyte species on each CWD unit, in each location, and 

for the study as a whole. The single unidentified Lepraria sp. sample was included here as it was 

the only representative of its genus found.  

Diversity was measured by the Shannon-Weaver index (Shannon 1948),  

𝐻′ = − ∑ 𝑝𝑖  ln 𝑝𝑖

𝑆

𝑖=1

 

where 𝑝𝑖 is the relative abundance of species 𝑖. This was performed by the R function diversity in 

the vegan package (Jari et al. 2013, R Core Team 2015).  

 

COMMUNITY COMPARISONS 

The Jaccard dissimilarity index (aka Jaccard distance) measures the dissimilarity of 

sample groupings by directly comparing the presence of objects (here species) in common 

between pairs of groups. The index ranges from 0 (all species shared between groups) to 1 (no 

shared species). For this study two groups were compared; 1) species among the 15 sites, and 2) 

species among the five decay classes. Pairwise Jaccard dissimilarity coefficients were tabulated 
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for each pair of sites, and for each pair of decay classes using the R function vegdist in the vegan 

package. These were calculated as 
2𝐵

(1+𝐵)
 where 𝐵 is the Bray-Curtis dissimilarity    

𝐵𝑖𝑗 = 1 −
(2𝐶𝑖𝑗)

(𝑆𝑖 + 𝑆𝑗)
 

𝑆 is the richness of groups 𝑖 and 𝑗, and 𝐶𝑖𝑗 is the number of species in common between groups 

𝑖 and 𝑗 (Legendre and Legendre 1998, Oksanen 2006).  

Jaccard coefficients were subsequently subject to UPGMA (Unweighted Pair Group 

Method with Arithmetic Mean), a bottom-up hierarchical clustering system commonly used in 

ecological analysis to categorize sampling units by comparing similarities among (the site or 

CWD unit) species compositions (Legendre and Legendre 1998). These were calculated using 

the R function agnes in the cluster package (Maechler et al. 2015). 

 

STUDY AREA POTENTIAL RICHNESS 

Unit richness was ranked and plotted as a species accumulation curve (SAC): the 

cumulative number of species found as a function of number of CWD units sampled. By fitting a 

curve to the data, the actual species richness of the study area given infinite sampling effort (i.e. 

true gamma diversity) can be extrapolated as the value at which a horizontal asymptote is 

observed. Calculations used 50,000 permutations of bootstrap evaluation using the specpool and 

specaccum functions of the vegan R package, using Kindt’s exact method as described in 

Oksanen (2015). Two final estimate values were included for comparison: 1) bootstrap, in which 

repeated sampling with replacement found approximately as many species missing as were 
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originally missed, and 2) first order jackknife, in which approximately as many species were 

missed as there were species seen only once (Oksanen 2015).   

 

ANALYSIS OF VARIANCE 

Analysis of variance (ANOVA) was used to determine the relative contribution of 

different variables (factors or combinations of factors, i.e. the predictor variables) to the total 

variation in the response variable, along with testing the null hypothesis that group means are 

equal (Quinn and Keough 2011). The ANOVA assumption for the homogeneity of variance was 

checked with residual plots, which found an acceptable lack of pattern in the data, and with the 

Brown-Forsythe Test (using functions resid and leveneTest, R package car, Fox and Weinberg 

2011), which failed to reject the null hypothesis (Unit Richness ~ Decay Class p = 0.64, Unit 

Richness ~ Location p = 0.18, Diversity ~ Decay Class p = 0.98, Diversity ~ Location p = 0.86), 

indicating that the assumption was reasonably met. 

Variations in CWD unit richness due to location, decay class, and their potential 

interaction were determined by use of two-way Type I model ANOVAs. Decay class (an 

explanatory variable) was considered as an ordered fixed factor, as all levels of factor were 

included (that is, decay classes 1-5: before which there is no decay and beyond which it is no 

longer considered CWD). The null hypothesis tested was that of no difference in bryophyte or 

lichen species richness means with respect to location, decay class, or their interaction. Diversity 

ANOVAs were as above but tested the null hypothesis of no difference in lichen and bryophyte 

community Shannon-Weaver diversity means. Although not always the most appropriate test for 

count data, ANOVA was chosen as it is commonly used for such in the ecological literature, both 
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overall richness and lichen richness data were not skewed, and to maintain consistency within 

the richness analyses as well as with the diversity analysis.  

Significant results were then subject to post hoc Tukey’s honestly significant difference 

(HSD) tests, applied to clarify which decay classes in particular were significantly different from 

one another with regards to species richness and diversity. Tests calculated using R functions 

anova, lm, and TukeyHSD. 

  

INDICATOR SPECIES ANALYSIS 

Many species of both lichens and bryophytes have been found to be good indicators of 

particular environmental conditions, as they can be sensitive to small microhabitat variations. 

Various measures of indicator species and species assemblages can prove very useful for 

improving ecological knowledge and have useful applications in ecosystem monitoring and 

management (Legendre and Legendre 1988, Carignan and Villard 2002). 

Indicator values are an effective measure that can complement other diversity indices as 

they take into account both the specificity for, and the fidelity to, the site groupings. Since 

determination of characteristic species can be subjective, attempts have been made to standardize 

methods to allow for comparisons over many different environments and taxa (Dufrene and 

Legendre 1997). 

An Indicator Species Analysis (ISA) as presented by Dufrene and Legendre (1997) was 

conducted, which returns indicator values for all species included in each a priori grouping (i.e. 

by ecological variables, here the five decay classes assigned to the substratum). Along with this 

analysis, a second ISA was performed using the newer method of De Cáceres and Legendre 
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(2009), which includes testing for not only single groups but for all possible combinations of 

groups. The De Cáceres and Legendre (2009) method may be more appropriate in this study 

since decay classes are not discrete measures but represent a gradient of decay.   

There are a number of benefits to these methods as compared to others (Dufrene and 

Legendre 1997, Legendre and Legendre 1998): 

1. The groupings can be any (hierarchal or non-hierarchal) classification desired. That is, the 

ISA is independent of the grouping method (although statistical significance can only be 

considered for pre-determined groupings and not those discovered via the ISA itself). 

2. The indicator value for each species is calculated independently and is based only on within-

species abundance. This reduces the potential bias involved in sampling methods when using 

relative abundances that involve all species located in the sample.  

3. Because of this independence, comparisons of values can be made between and within taxa 

and communities, whether related or not (e.g. certain taxa may be used as indicators for 

other, unrelated taxa).   

4. ISA is robust to differences in the number of sites sampled within each grouping, which can 

prove essential for unbalanced randomly collected field data.  

As per Dufrene and Legendre (1997), the indicator value for species i in group j is 

𝐼𝑉𝑖𝑗 = 100(𝐴𝑖𝑗𝐵𝑖𝑗) 

where 𝐴𝑖𝑗 is the specificity of species 𝑖 to group 𝑗, that is, the mean abundance of species 𝑖 in 

group 𝑗 divided by the mean abundance of species 𝑖 over all groups, 



37 

 

 

𝐴𝑖𝑗 = 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑖𝑡𝑦 =
mean abundance of 𝑖 over group 𝑗

mean abundance of 𝑖 over all groups
 

It is at its maximum when species 𝑖 is found only in group 𝑗.  

𝐵𝑖𝑗 is the fidelity of species 𝑖 to group 𝑗, that is, the number of sites in group 𝑗 where species 𝑖 is 

present divided by the number of sites in all of group 𝑗,  

𝐵𝑖𝑗 = 𝑓𝑖𝑑𝑒𝑙𝑖𝑡𝑦 =
# sites in group 𝑗 where 𝑖 present

# sites in all of group 𝑗
 

It is at its maximum when species 𝑖 is found in all of sites of group 𝑗. The maximum 𝐼𝑉𝑖𝑗 found 

over all groups 𝑗 is selected as the final indicator value  

𝐼𝑉 = max[𝐼𝑉𝑖𝑗] 

Following the calculation of all indicator values, each species’ 𝐼𝑉 was independently 

tested by randomization (50,000 permutations each). Here, every data permutation resulted in a 

recalculated maximum preference value (𝐼𝑉𝑖𝑛) which may or may not correspond to the 

observed group. The difference between the observed 𝐼𝑉 and the mean provided from the series 

of reallocations (𝐼𝑉̅̅
�̅�𝑛), when divided by the standard deviation of 𝐼𝑉̅̅

�̅�𝑛 results in a t-statistic 

which was tested to provide p-values compared to 𝛼 = 0.05, assuming normality of the random 

reallocation distribution (Dufrene and Legendre, 1997). This determined whether each species 

(and its corresponding 𝐼𝑉) was significantly associated with the decay class for which its 𝐼𝑉𝑖𝑗 

was highest, by testing against the null hypothesis that the observed group was determined solely 

by chance. Calculations used the R function multipatt in the package indicspecies. Species found 

only once were not included in the analysis as they could not be indicators. 

Since this involved many significance tests, which examined together at the community 

level could have compounded the probability of Type I errors, p-values were then modified (via 
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the p.adjust function in R package stats) using Hochberg’s method (Hochberg 1988, Legendre 

and Legendre 1998, Quinn and Keough 2011). This method is preferred over the Bonferroni 

adjustment as it is valid under less stringent assumptions and for independent hypothesis tests, 

while still maintaining strong control over the family-wise error rate (Sarkar 1998). 

 

GENETIC ANALYSIS 

Genetic structure in Cladonia arbuscula was examined by using the proportion of 

banding patterns shared among populations (by location or decay class): a high proportion of 

shared bands indicated gene flow between populations. The clustering of band patterns within 

each population indicated that genotypes were shared exclusively within each population, with 

little movement of genes between populations. The number of samples (Cladonia arbuscula 

thallus DNA extractions) in each decay class were: decay class 1 = 2, class 2 = 7, class 3 = 13, 

class 4 = 6, class 5 = 13, terrestrial (“class 6”) = 16. The number of samples in each location was: 

Sherridon = 20, North Star = 11, Athapapuskow = 26.  

The presence of bands of the same size produced by RAPD-PCR does not necessarily 

indicate that they are the same gene since similarly sized bands may be produced by different 

amplified portions of DNA. This is often a problem when comparing between species or more 

distantly related taxa, but most bands can be assumed to be the same gene or DNA segment 

when comparing within a single species (Weising et al. 1995, Lumbsch and Schmitt 2002). Gene 

flow was examined by cluster analysis and AMOVA as follows. 
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DNA CLUSTER ANALYSIS 

Neighbour-joining tree topologies of RAPD polymorphism distances were generated in 

PAUP* 4.0 (Swofford 2003) using the binary matrix of PCR product results from each 

individual primer separately as well as all primers combined. The model used was a distance 

analysis using neighbour-joining trees, the UPGMA clustering algorithm, and a standard distance 

of mean character difference. Support for branching was tested using bootstrap analysis 

(Felsenstein 1985) with 100 permutations. The presence of bootstrap supported clustering of 

individuals in branches by 95% or greater indicated a close genetic relation between such 

individuals. 

 

AMOVA: GENE FLOW BETWEEN SUBSTRATES 

To examine whether C. arbuscula individuals inhabiting different decay classes were 

more closely related to each other than to more closely located individuals, the distributions of 

polymorphic RAPD fingerprints were compared using decay class via analysis of molecular 

variance (AMOVA) in GenAlEx v.6.5 (Peakall and Smouse 2006, 2012). The value for 𝜑𝑃𝑇 

returned by the AMOVA is equivalent to the fixation index 𝐹𝑆𝑇 (Weir and Cockerham 1984) and 

measures the genetic differentiation of populations: 

𝜑𝑃𝑇 =
𝑉𝐴𝑃

(𝑉𝐴𝑃 + 𝑉𝑊𝑃)
 

where 𝑉𝐴𝑃 is the variance among populations and 𝑉𝑊𝑃 is the variance within populations 

(Excoffier et al. 1992, Peakall and Smouse 2006). AMOVA is more suited than ANOVA to 

molecular data which do not display normality as normality is not required as an assumption 

(Excoffier et al. 1992). Settings were for haplotype data, with 9,999 iterations. The null 
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hypothesis tested was that of no difference in pairwise comparisons of fingerprints between all 

five CWD decay classes. A second AMOVA evaluated the variation between all CWD 

inhabiting (i.e. all five decay classes combined as one group) and all terrestrial inhabiting C. 

arbuscula samples.  

 

AMOVA: GENE FLOW BETWEEN LOCATIONS 

In this case, all CWD and terrestrial inhabiting C. arbuscula individuals were grouped for 

each geographic location (i.e. the three site clusters). The occurrence of gene flow between the 

three locations was examined by comparing banding patterns within and between locations. This 

was essentially examining a similar question to that as immediately above regarding gene flow, 

but here with redefined populations. Again via AMOVA in GenAlEx v.6.5, the null hypothesis 

tested was that of no difference in banding patterns between locations. 
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RESULTS 

DECAY CLASSES 

In total, 91 units (stumps, branches or logs) of CWD were sampled, of which 9.9% of 

units were from decay class 1, 23.1% from decay class 2, 28.6% from decay class 3, 18.7% from 

decay class 4, and 19.8% from decay class 5. A total of 488 lichen and bryophyte specimens 

were collected and identified, 27 on decay class 1, 93 on decay class 2, 162 on decay class 3, 100 

on decay class 4, and 106 on decay class 5. 

 

SPECIES RICHNESS (S) 

Total species richness for the study was 72, comprised of 50 lichens and 22 bryophytes 

(21 mosses and one liverwort), with a maximum of 14 species found on one CWD unit (Table 3). 

At least one lichen was found on every unit of CWD, the greatest number found on any single 

unit was 11 species (note that the lichen richness minimums of 0 reported in Table 3 and 5 were 

due to the exclusion of unidentified species in the richness calculations). Forty-four units of 

CWD had no bryophytes growing on them, and the maximum bryophyte richness per unit was 

six species. The overall mean richness per unit CWD was 5.37. This was mainly composed of 

lichens (mean = 4.37), with bryophytes composing the remainder (mean = 1.00).  

Seventeen lichen genera were identified. By far the highest representation was the genus 

Cladonia, including twenty-six species and comprising 52% of all lichens collected. 

Interestingly, even though fewer species were found overall, 19 bryophyte genera were 

represented. Other than Cladonia, a maximum of three species was found per genus. 
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All species found and their relative abundances, frequencies of occurrence and maximum 

cover values are listed in Table 4. 

 

Table 3. Lichen and bryophyte species richness (S) per CWD unit for study area (all locations 

combined) and within each location, showing mean richness, standard deviation, minimum and 

maximum values.  

    S Mean S std. dev. Min. Max.  

Study Area (combined) 72 5.37   2.53  1 14 

  Lichens    50 4.37   2.33  1 11  

  Bryophytes   22 1.00   1.32  0 6 

 

Location Sherridon  42 5.10  2.09  2 11  

   Lichens    34 4.53  1.89  0 8   

   Bryophytes     8 0.57  1.04  0 5 

 

Location North Star  42 5.29  2.48  1 11 

   Lichens    30 4.23  2.62  0 10 

   Bryophytes   12 1.06  1.44  0 6 

 

Location Athapapuskow 46 5.70  2.98  1 14 

   Lichens    30 4.33  2.47  0 11 

   Bryophytes    16 1.37  1.38  0 5  
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Table 4. Species relative abundance (the proportion of the total abundance of all species 

occupied by the individual species), frequency of occurrence, and maximum cover value.                                    

“<” represents less than 5%.   

LICHEN SPECIES 

   REL. 

ABUND 

FREQ    

(%) 

Max % 

cover 

Biatoria vernalis (L.) Fr. 0.0031 3 80 

Bryoria furcellata (Fr.) Brodo & D. Hawksw. 0.0008 1 < 

Bryoria fuscescens (Gyelnik) Brodo & D. Hawksw. 0.0008 1 5 

Cetraria islandica (L.) Ach. 0.0015 2 < 

Cladonia arbuscula (Wallr.) Flotow 0.1414 45 90 

Cladonia amaurocraea (Flörke) Schaerer 0.0031 4 < 

Cladonia borealis S. Stenroos 0.0023 2 5 

Cladonia botrytes (K.G. Hagen) Willd. 0.0178 24 5 

Cladonia cariosa (Ach.) Sprengel 0.0015 1 5 

Cladonia cenotea (Ach.) Schaerer 0.0147 18 5 

Cladonia chlorophaea (Flörke ex Sommerf.) Sprengel 0.0340 27 25 

Cladonia coniocraea (Flörke) Sprengel 0.0286 15 40 

Cladonia cornuta (L.) Hoffm. 0.0124 15 5 

Cladonia crispata (Ach.) Flotow 0.0147 10 25 

Cladonia cristatella Tuck. 0.0100 14 < 

Cladonia deformis (L.) Hoffm. 0.0185 12 30 

Cladonia fimbriata (L.) Fr. 0.0085 8 10 

Cladonia gracilis (L.) Willd 0.1376 52 50 

Cladonia macilenta Hoffm. 0.0317 18 25 

Cladonia multiformis G. Merr. 0.0008 1 < 

Cladonia phyllophora Hoffm. 0.0108 10 10 

Cladonia pleurota (Flörke) Schaerer 0.0008 1 < 

Cladonia pyxidata (L.) Hoffm. 0.0201 11 30 
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Cladonia rangiferina (L.) F.H. Wigg 0.0062 2 15 

Cladonia stellaris (Opiz) Pouzar & Vězda 0.0008 1 < 

Cladonia stygia (Fr.) Ruoss 0.0031 2 5 

Cladonia subulata (L.) F.H. Wigg 0.0008 1 < 

Cladonia sulphurina (Michaux) Fr. 0.0070 3 15 

Cladonia uncialis (L.) Weber ex F.H. Wigg 0.0008 1 < 

Cladonia verticillata (Hoffm.) Schaerer 0.0023 2 5 

Diploschistes muscorum (Scop.) R. Sant. 0.0008 1 < 

Evernia mesomorpha Nyl. 0.0031 4 < 

Hypogymnia physodes (L.) Nyl. 0.0224 21 10 

Lepraria spp. Ach. 0.0008 1 < 

Massalongia carnosa (Dickson) Körber 0.0015 1 5 

Melanelia sorediata (Ach.) Goward & Ahti 0.0015 1 5 

Parmelia sulcata Taylor 0.0178 12 25 

Parmeliopsis ambigua (Wulfen) Nyl. 0.0070 9 5 

Parmeliopsis capitata R.C. Harris ex J.W. Hinds & P.L. Hinds 0.0039 5 < 

Parmeliopsis hyperopta (Ach.) Arnold 0.0070 7 10 

Peltigera didactyla (With.) J.R. Laundon 0.0015 1 5 

Peltigera rufescens (Weiss) Humb. 0.0046 3 10 

Stereocaulon paschale (L.) Hoffm. 0.0008 1 < 

Stereocaulon tomentosum Fr. 0.0008 1 < 

Tuckermanopsis americana (Sprengel) Hale 0.0039 4 5 

Tuckermanopsis fendleri (Nyl.) Hale 0.0008 1 < 

Usnea dasopoga (Ach.) Nyl.  0.0008 1 < 

Usnea hirta (L.) Weber ex F.H. Wigg. 0.0008 1 < 

Usnea lapponica Vainio 0.0015 2 < 

Vulpicida pinastri (Scop.) J.-E. Mattsson  & M.J. Lai 0.0479 47 20 
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BRYOPHYTE SPECIES 

REL. 

ABUND 

FREQ 

(%) 

Max % 

cover 

Brachythecium acuminatum (Hedw.) Austin 0.0100 2 30 

Brachythecium albicans (Hedw.) Schimp 0.0193 9 35 

Bryum algovicum Sendtn. ex Müll. Hal.  0.0008 1 < 

Ceratodon purpureus (Hedw.) Brid.  0.0124 1 40 

Climacium dendroides (Hedw.) F. Weber & D. Mohr 0.0008 1 < 

Dicranum flagellare Hedw. 0.0015 2 < 

Dicranum polysetum Brid. 0.0023 3 < 

Dicranum scoparium Hedw. 0.0008 1 < 

Ditrichum flexicaule Brid. 0.0255 3 75 

Drepanocladus uncinatus Warnst.  0.0039 5 < 

Eurhynchium pulchellum (Hedw.) Jenn. 0.0070 2 20 

Hylocomium splendens (Hedw.) Schimp. 0.0147 7 15 

Oncophorus wahlenbergii Brid. 0.0046 1 15 

Plagiomnium cuspidatum (Hedw.) T.J. Kop. 0.0100 2 30 

Pleurozium schreberi (Brid.) Mitt. 0.0896 24 75 

Pohlia nutans (Hedw.) Lindb. 0.0425 10 60 

Polytrichum juniperinum Hedw. 0.0487 5 75 

Platydictya confervoides (Brid.) H.A. Crum 0.0023 2 5 

Ptilidium ciliare (L.) Hampe 0.0077 5 10 

Pylaisiella polyantha (Hedw.) Grout 0.0201 5 20 

Tortella fragilis (Hook. & Wilson) Limpr. 0.0077 2 20 

Weissia controversa (Hedw.) 0.0023 2 5 
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As illustrated in Table 4 and Figure 4, three lichen species were found notably more often 

than the rest: Cladonia gracilis (on 52% of CWD sampled), Vulpicida pinastri (47%), and 

Cladonia arbuscula (45%). In contrast, the three most frequently found bryophyte species were 

Pleurozium schreberi (24%), Pohlia nutans (10%), and Brachythecium albicans (9%), 

remarkably lower values than the most frequent lichens.  

The most (relatively) abundant lichen species typically corresponded with the most 

frequently found: Cladonia arbuscula (0.1414), C. gracilis (0.1376), Vulpicida pinastri (0.0479), 

Cladonia chlorophaea (0.0340), C. macilenta (0.0317), and C. coniocraea (0.0286). Bryophyte 

abundances were notably lower, the only species with values >0.025 were: Pleurozium schreberi 

(0.0896), Polytrichum juniperinum (0.0487), Pohlia nutans (0.0425), and Ditrichum flexicaule 

(0.0255). Note that relative abundance calculations included bryophytes and lichens together. 

Most species had very low relative abundances (<0.01).  
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Figure 4. Lichen and bryophyte species percent frequency of occurrence with outliers labeled. 

The box represents the upper and lower quartiles, the whisker represents the maximum value 

within the upper fence (1.5x IQR), the dark line denotes the median, and the circles denote 

outliers. 
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The lichen showing the highest percent cover was C. arbuscula (90%) and 19 species had 

less than 5% cover. The mosses with the highest percent cover were Pleurozium schreberi, 

Dicranum flexicaule, and Polytrichum juniperinum with 75% cover, and 6 species had less than 

5% cover. 

The mean frequency of all species was 7.4% (std.dev. = 10.5%), although the median of 

3.3%, is more representative as the frequencies were heavily skewed towards rarity. When 

considering “rare” species (with respect to this study) to be those found at a frequency of less 

than 5%, 28 lichens were rarely found, of which 18 were found only once, and 14 mosses were 

rare, with 5 species found only once. Using this criterion, 58% of all species (56% of lichens and 

64% of mosses) were considered rarely found on CWD.   

Species richness showed an increasing trend from decay classes 1 to 3, followed by a 

levelling off to slightly lower values (Table 5). This pattern was generally followed when 

accounting for lichens, but shows no discernible pattern for bryophytes. 
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Table 5. Combined and separate lichen and bryophyte mean species richness (S) per CWD unit 

by decay class (DC 1-5), with standard deviation, minimum and maximum values. 

 

  Mean S std.dev. Min Max  

DC 1  3.00  1.58  1  6  

   Lichen 2.22  1.86  0  6  

   Bryophyte 0.78  0.83  0  2 

 

DC 2  4.48  2.18  1  9  

   Lichen 4.00  2.21  0  8  

   Bryophyte 0.43  0.81  0  3 

  

DC 3  6.23  2.80  2 14  

   Lichen 4.96  2.86  1 11  

   Bryophyte 1.27  1.66  0  6 

 

DC 4  5.88  2.32  3 11  

   Lichen 5.00  1.58  3  8  

   Bryophyte 0.88  1.41  0  5 

 

DC 5  5.89  2.19  2 10  

   Lichen 4.39  1.82  0 7  

   Bryophyte 1.50  1.20  0 4   
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SPECIES DIVERSITY 

The mean Shannon-Weaver diversity (H’) over all CWD units was 1.28 (std.dev. = 0.54), 

with a minimum of 0 (i.e. no diversity as only one species present) to a maximum of 2.38. Mean 

diversities over each location were fairly consistent across locations (Table 6).  

 

Table 6. Coarse woody debris lichen and bryophyte community mean diversity (H’) and standard 

deviations for study area (all locations combined), three locations (S = Sherridon, N = North 

Star, A = Athapapuskow), and five decay classes (DC 1-5). 

 

   Mean H’ std.dev. 

Study Area  1.28   0.54  

 

Location S   1.26   0.50 

Location N   1.31   0.53 

Location A   1.25   0.59 

 

DC 1   0.85  0.56 

DC 2   1.16  0.56 

DC 3   1.48  0.48 

DC 4   1.49  0.44 

DC 5   1.15  0.49  

 

 

Examining diversity means by decay class, we see a trend of rising values from DC1 

through to DC3 & DC4 which were quite similar, then a decrease to DC5 which is at a similar 

level to DC2 (Table 6). DC3 & DC4 were above the study mean, with the rest falling below. 
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SITE COMMUNITY COMPOSITION COMPARISON 

Jaccard dissimilarities for pairwise comparisons of all 15 sites showed values ranging 

from 0.48 to 0.90, with a mean of 0.69 (Table 7). The three locations did not appear to separate 

out based on their compositions, with comparable dissimilarity in species composition 

throughout the sites regardless of geographic proximity (Figure 5). 

 

Figure 5. UPGMA dendrogram of sites (Sherridon = 1-5, North Star = 6-10, Athapapuskow = 

11-15) by Jaccard’s dissimilarity index. Height is the distance between merging clusters. 

Agglomerative coefficient (amount of clustering found) = 0.24. 
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Table 7. Pairwise Jaccard dissimilarity index by site (Sherridon 1-5, North Star 1-5, Athapapuskow 1-5). 

 

Site    S1    S2    S3    S4    S5    N1    N2     N3    N4    N5    A1    A2    A3    A4 

S2   0.72                                                                  

S3   0.60  0.83                                                             

S4   0.65  0.60  0.84                                                        

S5   0.57  0.73  0.58  0.79                                                   

N1   0.59  0.69  0.75  0.60  0.57                                              

N2   0.66  0.86  0.79  0.76  0.70  0.62                                         

N3   0.58  0.72  0.73  0.69  0.71  0.63  0.66                                    

N4   0.67  0.77  0.77  0.77  0.67  0.77  0.70  0.67                               

N5   0.58  0.71  0.68  0.59  0.56  0.57  0.56  0.57  0.66                          

A1   0.63  0.69  0.75  0.65  0.50  0.58  0.71  0.77  0.58  0.62                     

A2   0.62  0.81  0.68  0.64  0.70  0.62  0.61  0.69  0.69  0.48  0.62                

A3   0.61  0.70  0.71  0.62  0.64  0.66  0.64  0.60  0.69  0.55  0.66  0.56           

A4   0.77  0.81  0.90  0.86  0.75  0.76  0.77  0.79  0.74  0.77  0.76  0.79  0.80      

A5   0.72  0.79  0.75  0.75  0.68  0.79  0.75  0.72  0.77  0.71  0.69  0.71  0.66  0.76 
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DECAY CLASS COMMUNITY COMPOSITION COMPARISON 

Jaccard dissimilarities for pairwise comparisons between the five decay classes computed 

values ranging from 0.46 to 0.78, with a mean of 0.60 (standard deviation = 0.11) (Table 8). The 

first column of Table 8, along with Figure 6, demonstrate that the greatest differences were 

between decay class 1 and the other four.   

 

Table 8. Pairwise Jaccard dissimilarity index by decay class (1-5). 

DC 1 2 3 4 

2 0.67  

3 0.72 0.53 

4 0.68 0.46 0.54 

5 0.78 0.54 0.48 0.55 
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Figure 6. UPGMA dendrogram of decay classes (1-5) by Jaccard’s dissimilarity index. Height is 

the distance between merging clusters. Agglomerative coefficient (amount of clustering found) = 

0.27. 
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STUDY AREA POTENTIAL RICHNESS 

The estimated true bryophyte species richness for the study area was calculated as 24.8 

(bootstrap) or 26.9 (1st order jackknife), suggesting that most species present in the areas were 

captured in the 22 collected species (Figure 7).  

 

Figure 7. Bryophyte species accumulation curve.  
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The estimated true lichen species richness for the study area was calculated as 58.9 

(bootstrap) or 69.8 (1st order jackknife), notably higher than the number of lichens found (50) 

suggesting there were a still fair number of undiscovered species (Figure 8). 

 

Figure 8. Lichen species accumulation curve.  
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RICHNESS ANOVAs 

The bryophyte richness ANOVA did not show significant differences in species richness 

due to location or decay class (or their interaction) although the p-value for location was 

approaching 𝛼 = 0.5 (Table 9). 

 

Table 9. Bryophyte analysis of variance: richness by location, decay class, and their interaction, 

showing degrees of freedom, sums of squares, mean squares, F-values, and p-values. 

 

       Df  Sum Sq  Mean Sq  F value  p (>F)  

Location       2     9.796    4.8978    2.8926 0.0616 

Decay Class 4 12.876 3.2190 1.9011 0.1189 

Location:DC 8 6.643  0.8304 0.4904 0.8595  

Residuals     6   128.686 1.6932             

 

When examining the effects of location and decay class on lichen species richness, 

location and the interaction component were not found significant, whereas decay class was 

significant for 𝛼 = 0.05 (Table 10, Figure 9). Rejection of the null hypothesis indicated that a 

significant portion of the variation in mean lichen richness resulted from differences in decay 

class. 

Table 10. Lichen analysis of variance: richness by location, decay class, and their interaction, 

showing degrees of freedom, sums of squares, mean squares, F-values, and p-values. 

 

       Df  Sum Sq  Mean Sq  F value  p (>F)  

Location       2     1.44  0.7220 0.1324 0.8762 

Decay Class 4 59.55  14.8883 2.7311 0.0351 * 

Location:DC 8 14.00  1.7495 0.3209 0.9557 

Residuals     76   414.30 5.4514              
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A post-hoc Tukey honest significance test for lichens found the differences to be chiefly 

between decay classes 1-3, and 1-4 (and less influential: 1-5 and 1-2) (Table 11). 

 

Table 11. Tukey multiple comparisons of means (95% family-wise confidence level) showing 

difference in observed means, lower and upper interval end points, and the p-value adjusted for 

multiple testing: lichen richness by decay class. * = significant at 0.05. 

 

           difference        lower       upper      adj. p-value 

2-1    1.825   -0.656   4.307   0.251 

3-1    2.739    0.330   5.148   0.018 * 

4-1    2.778    0.210   5.346   0.027 * 

5-1    2.167   -0.376   4.710   0.132 

3-2    0.914   -0.914   2.741   0.633 

4-2    0.952   -1.080   2.985   0.688 

5-2    0.341   -1.660   2.342  0.989 

4-3    0.038   -1.904   1.981   1.000 

5-3  -0.573  -2.483   1.337   0.919 

5-4  -0.611   -2.718   1.496   0.927 
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Figure 9. Analysis of variance: lichen richness by decay class (1-5). The box represents the upper 

and lower quartiles, the whiskers represent the minimum and maximum values within the lower 

and upper fences (1.5x IQR), the dark line denotes the median, diamonds the mean, and the 

circles denote outliers. 
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DIVERSITY ANOVA 

 

The ANOVA examining CWD unit diversity found that location was not a statistically 

significant factor, and that there was no evidence of interaction effects (Table 12). CWD unit 

diversity by decay class was statistically significant for 𝛼 = 0.05 with a p-value of 0.0067, 

suggesting that the differences in diversity are mainly influenced by decay class (Table 12, 

Figure 10). 

 

Table 12. Bryophyte and lichen analysis of variance: diversity by location, decay class, and their 

interaction, showing degrees of freedom, sum of squares, mean squares, F-value, and p-value. 

 

                      Df   Sum Sq  Mean Sq  F value    Pr(>F)    

Location              2   0.0679  0.03396   0.1298  0.8785    

Decay Class            4   4.0283  1.00708   3.8491  0.0067 ** 

Location:DC   8   1.8246  0.22808   0.8717  0.5441    

Residuals            76  19.8844  0.26164                         
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Figure 10. Analysis of variance: Bryophyte and lichen diversity by decay class. The box 

represents the upper and lower quartiles, the whiskers represent the minimum and maximum 

values within the lower and upper fences (1.5x IQR), the dark line denotes the median, and 

diamonds the mean. 
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A post-hoc Tukey honest significance test found the differences in diversity to be chiefly 

between decay classes 1-3, and 1-4 (Table 13). 

 

Table 13. Tukey multiple comparisons of means (95% family-wise confidence level) showing 

difference in observed means, lower and upper interval end points, and the p-value adjusted for 

multiple testing: bryophyte and lichen diversity by decay class. * = significant at 0.05. 

 

        difference          lower           upper        adj. p-value 

2-1    0.311   -0.247   0.870   0.531 

3-1    0.629     0.086   1.171   0.015 * 

4-1    0.641     0.062   1.218   0.022 * 

5-1    0.300   -0.272   0.873   0.589 

3-2    0.317   -0.094   0.729   0.209 

4-2    0.329   -0.128   0.787   0.272 

5-2  -0.011   -0.461   0.439   1.000 

4-3    0.012   -0.425   0.449   1.000 

5-3  -0.328   -0.758   0.102   0.218 

5-4  -0.340  -0.814   0.134   0.275   
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INDICATOR SPECIES ANALYSIS 

The Indicator Species Analysis allowing group combinations (DeCáceres & Legendre 2009) 

found two species (four species pre-adjustment) to be significantly associated with a decay class 

or combination of classes (Table 14). One species was associated with a single decay class, the 

other with a group of three classes.  

   

Table 14. Indicator species analysis for all decay class group combinations showing indicator 

value (IV), p-values and adjusted p-values.  

* = significant at 0.05, ** at 0.01, *** at 0.001. 

 

DC  Species    IV  p-value  p-adjusted  

1  Pylaisiella polyantha   0.54   0.0015 **  0.0547  

2  Parmeliopsis hyperopta 0.53   0.0005 ***  0.0254 * 

1+4+5 Pleurozium schreberi  0.60     0.0094 **  0.4118 

3+4+5 Cladonia gracilis   0.77   0.0008 ***  0.0377 *  

 

The second Indicator Species Analysis (allowing only single groups, Dufrene & 

Legendre 1997) found one species (four post-adjustment, with three in common with the 

preceding test) to be significantly associated with decay class 2 (Table 15).  

Table 15. Indicator species analysis for single decay classes showing indicator value (IV), p-

values and adjusted p-values. 

* = significant at 0.05, ** at 0.01, *** at 0.001.  

 

DC  Species    IV  p-value  p-adjusted  

1  Pylaisiella polyantha   0.54   0.0013 **  0.0634 

2  Parmeliopsis hyperopta 0.53  0.0007 ***  0.0353 * 

4  Cladonia gracilis   0.54  0.0491 *  0.9482 

5  Cladonia arbuscula  0.61  0.0111 *  0.5207  
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    Six species (2 bryophyte, 4 lichen) had their maximum indicator value on undecayed 

(decay class 1) wood, 8 (1 bryophyte, 7 lichen) on class 2, 15 (7 bryophyte, 8 lichen) on class 3, 

11 (1 bryophyte, 10 lichen) on class 4, 9 (6 bryophyte, 3 lichen) on fully decayed class 5 (Table 

16). Use of the two ISA types in conjunction resolved the preferences of species in more detail 

(Table 16). 
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Table 16. Species indicator values (IV) and associated decay classes (DC1-5). Light green 

denotes indicators in the multi-group analysis, dark green denotes indicators in the single-group 

analysis.  

 

Lichen species DC1 DC2 DC3 DC4 DC5 IV 

Biatoria vernalis        0.24 

Cetraria islandica       0.23 

Cladonia amaurocraea        0.25 

Cladonia arbuscula         0.68 

Cladonia borealis      0.30 

Cladonia botrytes         0.50 

Cladonia cenotea         0.44 

Cladonia chlorophaea         0.56 

Cladonia coniocraea        0.43 

Cladonia cornuta         0.41 

Cladonia crispata      0.39 

Cladonia cristatella         0.40 

Cladonia deformis            0.35 

Cladonia fimbriata         0.29 

Cladonia gracilis        0.77 

Cladonia macilenta       0.43 

Cladonia phyllophora       0.41 

Cladonia pyxidata        0.24 

Cladonia rangiferina       0.23 

Cladonia stygia        0.22 

Cladonia sulphurina       0.26 

Cladonia verticillata       0.21 

Evernia mesomorpha         0.23 

Hypogymnia physodes        0.52 

Parmelia sulcata        0.41 

Parmeliopsis ambigua       0.41 

Parmeliopsis capitata        0.30 

Parmeliopsis hyperopta      0.53 

Peltigera rufescens        0.21 

Tuckermanopsis americana      0.26 

Usnea lapponica      0.28 

Vulpicida pinastri          0.69 
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Bryophyte species DC1 DC2  DC3 DC4 DC5 IV 

Brachythecium acuminatum       0.21 

Brachythecium albicans        0.31 

Dicranum flagellare       0.22 

Dicranum polysetum        0.21 

Ditrichum flexicaule      0.33 

Drepanocladus uncinatus        0.29 

Eurhynchium pulchellum       0.21 

Hylocomium splendens         0.27 

Plagiomnium cuspidatum      0.34 

Platydictya confervoides      0.28 

Pleurozium schreberi        0.60 

Pohlia nutans      0.40 

Polytrichum juniperinum      0.36 

Ptilidium ciliare       0.34 

Pylaisiella polyantha      0.54 

Tortella fragilis      0.28 

Weissia controversa       0.21 
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GENETIC ANALYSIS 

            Between 11 and 19 resolvable electrophoresis gel bands were produced by the RAPD-

PCR primers, ranging in size from 300 to 2500 bp (Table 17).  

 

Table 17. PCR product size ranges and number of bands resolved by primer. 

Primer Min (bp) Max (bp) No. Bands resolved  

OPA-03 450  2050  17    

OPA-05 400  2500  15    

OPA-09 400  2500  11    

OPA-10 450  2500  12    

OPB-17 400  2500  19    

OPD-03 300  2400  15    

OPD-16 300  2500  16    

 

            All seven separate neighbour-joining trees were found to have minimal to no bootstrap 

support, thus finding no significant groupings (Appendix 1). As such, there is no evidence to 

suggest whether or not sexual reproduction was occurring in the samples collected.   

 

             Dispersal among locations: The AMOVA comparing locations revealed that 97% of 

genetic variation was found within locations, with only 3% from differences among locations 

(Table 18). The 𝜑𝑃𝑇 statistic of 0.027 and its associated p-value of 0.004 shows that there was 

significant differentiation in genetic variation between locations, suggesting that gene flow was 

restricted and the three locations could be considered as distinct populations. 
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Table 18. Cladonia arbuscula AMOVA by location showing degrees of freedom, sum of 

squares, mean squares, percent of variance, 𝜑-statistic, and p-value. 

 

Source of variation df Sum Sq. Mean Sq. % of variance 𝜑-statistic  

Among populations 2 44.618  22.309  3%  𝜑𝑃𝑇 = 0.027  

Within populations 54 800.785 14.829  97%  (p = 0.004)  

   

Dispersal among decay classes: The AMOVA comparing decay classes was found to be 

not significant (p = 0.605), and therefore all the CWD inhabiting C. arbuscula could be 

considered as part of one non-subdivided population. The AMOVA comparing substrata found 

94% of genetic variation to be due to differences within substrata (i.e. CWD or terrestrial) 

populations, and 6% due to differences among substrata (Table 19). The 𝜑𝑃𝑇 statistic of 0.057 

(highly significant at p = 0.0001) shows that, at least with respect to the DNA segments 

randomly amplified by the PCR primers used, there was genetic differentiation between substrata 

as compared to the overall differentiation among substrata.  

Table 19. Cladonia arbuscula AMOVA by substratum showing degrees of freedom, sum of 

squares, mean squares, percent of variance, 𝜑-statistic, and p-value. 

 

Source of variation df Sum Sq. Mean Sq, % of variance 𝜑-statistic  

Among populations 1 35.053  35.053  6%  𝜑𝑃𝑇 = 0.057  

Within populations 55 810.351 14.734  94%  (p = 0.0001)  
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DISCUSSION AND CONCLUSIONS 

The aim of this study was to examine the effects of wood decay on the richness and 

diversity of lichen and bryophyte communities dwelling on CWD, and to illuminate the potential 

importance of CWD for forest regeneration and the conservation of diverse boreal forest 

communities in Manitoba and beyond. Genetic differentiation of Cladonia arbuscula, the most 

common lichen species in the study, was quantified to determine population genetic structure 

between locations and substrata. 

This study reports a total of 50 macrolichen species living on CWD, which is 6% of the 

approximately 861 macrolichens identified in Canada and 19% of the ~260 macrolichen species 

found in Manitoba (National General Status Working Group 2011). This strong representation 

over a relatively small area and on a specific substratum is not surprising as lichens are 

considered to be species-rich on boreal forest wood (Svensson et al. 2013). The large number of 

Cladonia species found (26) is also not unexpected as this is one of the most species rich lichen 

genera in North America (Brodo et al. 2001). These values stand in contrast with bryophytes, 

where only 22 of 1006 (2%) identified Canadian species were found. This accounts for 7% of the 

~335 known Manitoban bryophytes, Manitoba has a low moss diversity (or has been under-

collected) when compared with much of the rest of Canada (NGSWG 2011). 

In a study of terrestrial lichen and bryophyte communities in a south eastern Manitoban 

jack pine forest, Kotelko et al. (2008) found C. arbuscula at 52% occurrence and 95% maximum 

ground cover, and Pleurozium schreberi at 48% occurrence and 99% maximum ground cover. 

This is consistent with the results presented here in terms of most abundant (second most 

abundant after C. gracilis (at 52%) was C. arbuscula at 45%, and Pleurozium schreberi at 24%) 

and highest cover (C. arbuscula 90%, P. schreberi 75%, although Polytrichum juniperinum and 
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Dicranum flexicaule were also found at 75% maximum ground cover but at much lower 

frequencies) (Table 4). These similarities demonstrate the overlap between terrestrial and CWD 

(particularly decay class 5) inhabiting species.  

Both of the lichen and bryophyte species accumulation curves (which began to approach, 

but failed to reach, an asymptote) and their associated potential species richness values indicate 

that a number of species remain to be found on CWD in this area. As has been shown, there were 

differences in the richness and diversity between decay classes, which would have increased the 

difficulty in discovering all species potentially present in the area on CWD. The sensitivity of 

many of these organisms to fine differences in microhabitat means that there is the potential for 

many rare or uncommon species to be found only on particular CWD features. Further studies of 

this subject would require more extensive sampling in order to capture all potential species, 

which, along with accurate measurement of habitat or (micro)environmental parameters, could 

increase the accuracy of analysis.  

Two of the three locations had a lichen richness more than double that of bryophytes, and 

the third location had nearly double the richness (Table 3). A greater number of lichen species 

over bryophytes is often found in a variety of habitats in Canadian forests (Pharo and Vitt 2000, 

Kotelko et al. 2008). 

Every piece of CWD examined had at least one lichen species present regardless of the 

state of CWD decay. This was again in contrast with bryophytes, as a large number of CWD 

units had no bryophyte species present. One reason for the differences in species richness is 

likely that higher tree branches generally have more epiphytic lichens growing on them which 

are displaced with the branch as it falls and becomes CWD. The lower relative bryophyte 

richness is possibly also a consequence of the generally high level of sun exposure on the study 
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sites and CWD units, which was less amenable to the moist environments preferred by most 

bryophytes. It has also been observed that (disregarding epiphytes) lichens tend to colonize 

CWD before bryophytes (Caruso and Rudolphi 2009), giving them an early competitive 

advantage. As can be seen in Table 16, bryophytes appear to prefer the later decay classes, with 

85% of species indicators for classes three to five.  

 

INFLUENCE OF DECAY 

It has been well established that there is a succession of inhabiting species as CWD 

decays, and many studies have reported evidence suggesting that decay does indeed have an 

influence on species numbers (Söderström 1988b, Anderson and Hytteborn 1991, Nascimbene et 

al. 2008a, 2008b). Other studies have seen no or only weak effects from decay and have 

attributed changes in richness to factors such as CWD age (although this is correlated with level 

of decay) allowing for more colonization events over time (Browning et al. 2010, Svensson et al. 

2013), stump height and surface features which increased lichen but lowered bryophyte richness 

(Caruso and Rudolphi 2009), and size of wood surface area (Söderström 1988c, Svensson et al. 

2013). Cryptogam communities can also be affected by successional processes such as changes 

in tree species (and thus CWD types present), forest age, changes in light levels reaching the 

floor, and microclimate (Fenton and Frego 2005, Barbier et al. 2008).  

The results presented here add to the evidence that lichen species richness was 

significantly affected by changes in CWD decay class. Community diversity was found to be 

significantly affected by decay class, suggesting that the changes in the numbers of species were 

accompanied by a change in community composition at different decay classes. There appears to 
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be a clear demarcation between decay class one and the other classes (Table 5, 6, 11, 13, Figure 

6). Lohmus and Lohmus (2001) also found a major turnover in lichen species living on snags as 

CWD changed from corticated to decorticated wood. This is the most pronounced change in the 

‘life’ of decaying wood, and as many bryophytes and lichens are very particular with respect to a 

specific microhabitat, it is reasonable to expect such a changeover in species at this point.  

 The clustering of banding patterns within subgroups of C. arbuscula lichens living on 

substrata at different levels of decay suggest that there were low levels of gene flow occurring 

between these groups. However, this could also be the result of ancestral polymorphism, which 

can produce the same observed population genetic structures as gene flow. The high levels of 

polymorphism observed show that there is an appreciable amount of genetic variation present in 

this species that is being maintained despite its tendency towards asexual reproduction. AMOVA 

also showed significant separation between C. arbuscula groups living in the three site cluster 

locations. This indicates that there is little dispersal occurring between locations, which was not 

unexpected given the distance of at least 7 km between the closest sites in different locations and 

the limited dispersal capability of this species’ relatively large vegetative fragments. It is possible 

that the results shown here could also be due to sample sizes being too small, or caused by a 

greater amount of algal genotypic variation than assumed. Future studies focused solely on C. 

arbuscula could include a greater sample size and incorporate genetic studies of the mycobiont 

and photobiont separately to determine if this was the case.  

  If gene flow is completely restricted between populations there can be drastic effects on 

their genotypes: genetic drift and even speciation at one extreme. When a species preference 

tends towards ephemeral and patchy substrata such as CWD, this can cause additional problems 

for species continuity, especially when this preference is obligate. With regards to C. arbuscula, 
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CWD is not an obligatory substratum as this species inhabits a variety of habitats. The low levels 

of genetic variation provided by occasional sexual reproduction appears to be sufficient to confer 

evolutionary success to this lichen, being circumpolar and found from the Arctic to the Antarctic 

(Myllys et al. 2003), as well as including a number of subspecies.   

The higher richness and diversity values of later decay classes, along with the shifts in 

species as decomposition progresses, show the need for CWD in a variety of decay classes to be 

left in situ following disruptive human activities to maintain diverse lichen and bryophyte 

communities. 

 

INDICATOR SPECIES 

            The two indicator species analyses (single- and multi-group) found one and two 

significant indicator species (respectively). Note that for this discussion I will refer to the pre-

adjustment p-values when discussing individual species, but the issue of multiple-testing must be 

kept in mind as the adjustment for such, with a large number of tests as here, has the effect of 

greatly increasing p-values, and thus reducing the number of significant results (Table 14, 15). 

When considering individual species it can be reasonable to consider the uncorrected values as 

they are calculated completely independently of one another, while community-level statements 

should use only the corrected values (DeCáceres et al. 2010, DeCáceres 2013). Since only two 

species withstood the multiple-testing adjustments, further data collection and ISAs of only the 

five (significant pre-adjustment) species would eliminate the issue of multiple-testing and further 

validate whether or not these species are truly indicators. 
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The moss Pleurozium schreberi was found to be associated with decay classes 1, 4, and 

5 in the multi-group ISA. This is a perennial, mesophytic feathermoss commonly inhabiting 

boreal regions but ranging high into the arctic (Kuc 1997). Indeed, it is so abundant that it is 

often a defining feature of more specific boreal forest sub-types (Sims et al. 1989, Zoladeski et 

al. 1995). The result of decay class 1 likely resulted from many of the class 1 stumps being 

heavily overgrown with this moss as an expansion of forest floor carpet growth. Pleurozium 

schreberi is well known for being highly competitive and covering vast areas of the boreal forest 

floor, with which the CWD is intergrading by decay class 5, explaining its affinity for classes 4 

and 5. The single-group analysis did not find significant results for P. schreberi. 

Pylaisiella polyantha, a small pleurocarpous moss was found to be an indicator for decay 

class 1 under both analyses. This species is commonly known as stocking moss as it typically 

forms a “stocking” around the base of tree trunks (Johnson et al. 1995, Qian and Klinka 1998), 

hence its high degree of occurrence on decay class 1 stumps.  

The foliose lichen Parmeliopsis hyperopta was an indicator of decay class 2 under both 

analyses with very high significance. This is a widespread and common boreal forest epiphyte 

typically found on bark and wood. Another foliose lichen sharing many of the same habitat 

affinities as P. hyperopta, Hypogymnia physodes, was found at a relatively high IV (0.52) for 

decay classes 2, 3, and 4. Although typically epiphytic on bark, both species appear able to 

continue growing on CWD (including exposed wood where they were frequently found) after it 

has fallen. 

Cladonia gracilis was an indicator for decay classes 3, 4, 5 (multi-), and class 4 (single-

group). It is a common generalist species found on many substrates, but with regards to CWD it 
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appears to prefer more decayed wood (as do most of the species of Cladonia, Table 16) and was 

not found growing on bark. 

Cladonia arbuscula was an indicator of decay class 5 in the single-group ISA. As a quick 

growing and highly abundant species, it was very common on the ground in the study area (and 

indeed, in the boreal forest in general) (Ahti and Oksanen 1990). As decay class five is 

approaching a fully decomposed state analogous to disturbed soil, it is not surprising that C. 

arbuscula was found so frequently on the most decayed CWD. The terricolous species 

Stereocaulon paschale and S. tomentosum were also associated with decay class 5, adding 

further evidence that this decay class was grading into a terrestrial type substratum, as both 

Stereocaulon species are typically found terrestrially among moss and on soil (Brodo et al. 

2001). Interestingly, two other reindeer lichen species (C. stellaris and C. rangiferina) were also 

common in terrestrial locations but were rarely found on CWD (once and twice, respectively). 

This may suggest that C. arbuscula can colonize a wider range of habitats than these other 

reindeer lichen species, encompassing exposed rock, soil, and decaying wood. Ahti (1959) 

showed that C. arbuscula (along with C. rangiferina) was an early colonizer in lichen 

woodlands, while C. stellaris was indicative of mature forests because of its slower growth rates.   

The various Cladonia species were well represented as indicators over the full range of 

wood decomposition, other than decay class 1 for which there was only one species (Table 16). 

Other than the two above mentioned Cladonia species, the remainder of Cladonia species were 

less specific as indicators of particular decay classes, although in a larger study where all CWD 

was clustered as one group among other habitat groups (i.e. not broken into sub-groups/decay 

classes) many might appear as strong indicators of CWD in general. Cladonia species have 

similarly been found in other studies composing high percentages of CWD communities, and are 
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considered to be integral constituents of decayed CWD (Caruso et al. 2008, Nascimbene et al. 

2008a, 2008b, Caruso and Rudolphi 2009). 

As would be expected, many epiphytic lichens were associated with decay class 1 (newly 

fallen debris and closest to living material), including Evernia mesomorpha, Parmeliopsis 

ambigua, P. capitata, P. hyperopta, Usnea dasopoga, and U. hirta. These lichens were relocated 

to the forest floor as branches and logs fell, appearing to survive to varying degrees depending 

on their ability to tolerate the altered conditions in the new location. Bark specialist species 

rarely survived beyond decay class 2 as a majority of the bark was then shed, except on the 

smaller fragments of bark that remained or were species that could tolerate a wider range of 

substrata such as decorticated wood.  

Two lichen species were found as indicators for all five decay classes: Cladonia deformis 

and Vulpicida pinastri. These species could not have their p-values calculated due to limitations 

of the randomization testing when a species is found to be an indicator of all classes. The high 

indicator value of V. pinastri (0.69) suggests that although it is not associated with specific decay 

classes, its full coverage of all five levels of wood decay could prove useful as an indicator of 

CWD in general, particularly as is it highly visible due to colouration and very easily identifiable 

in the field. 

Representative species of all four previously documented log-dwelling ecological groups 

(Söderström 1988c, Siitonen and Jonsson 2012) were found as indicators:  

1) Facultative epiphytes: found on living trees, sometimes persisting on CWD to middle decay 

stages, e.g. Pylaisiella polyantha. 
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2) Epixylic specialists: found mainly on CWD. Early epixylics on bark, late epixylics on 

decorticated wood, e.g. Parmeliopsis hyperopta (which could be considered both early and 

late, or as a facultative epiphyte). 

3) Opportunistic generalists: species that can inhabit a variety of substrata, e.g. Cladonia 

gracilis.  

4) Competitive epigeics: forest floor species that overgrow and replace less competitive species 

as CWD enters later decay stages, e.g. Pleurozium schreberi and Cladonia arbuscula.  

Taken together these indicator values, along with the ANOVA results, show that there is 

clearly a shift in the number and composition of species inhabiting CWD as it decays. These 

shifts are potentially a result of changes in CWD chemical composition (e.g. nutrient availability, 

pH suitability), physical arrangement and features, and the accumulation of propagules over 

time. Future studies regarding these more specific features of decaying wood can improve our 

understanding of the role of lichens and bryophytes in wood decay. 

 

CONCLUSIONS 

As pioneer species on newly generated CWD, lichens and bryophytes play a crucial role 

in the regeneration of disturbed boreal forest stands. These organisms form one of the dominant 

components of boreal forests, principally the floor and epiphyte layers, with significant and 

unique roles in ecosystem function. For example, their poikilohydric nature and atmospheric 

nutrient absorption (including nitrogen fixation by some cyanobacterial lichen symbionts), and 

the degradation of substrata and creation of soil, contributes nutrients to the ecosystem.  
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This study highlighted the dynamic substratum provided by CWD on which different 

assemblages of lichens and bryophytes (among others) can be associated, with CWD in general 

and with particular decay classes. Wood decay has here been shown to be a significant factor 

with respect to the number, diversity, and type of species living on logs and stumps.  

Identification of diversity values and key indicator species for decay stages can provide a 

better understanding of the maintenance of biodiversity, particularly for rare species requiring 

habitat protection. Although none of the species found in this study were listed as endangered or 

threatened for Canada by the Committee on the Status of Endangered Wildlife in Canada 

(COSEWIC 2015) or classified as rare lichens by Goward et al. (1998), rare species have 

elsewhere been found to be dependent on CWD in particular states of decay (Söderström 1988b). 

Note that there are very few rare species in Canada overall, only five macrolichens (1% of all 

Canadian species) and 10 mosses (2%) are considered ‘at risk’ by COSEWIC, so it is not 

surprising that none were found.  

When local species that are highly correlated with specific decay classes are identified, 

they can provide forest managers with a means of determining a general state of wood decay, 

thereby contributing to an indication of broader forest health. The maintenance of biodiversity 

can then be enhanced by ensuring that CWD at various levels of decay remain in place following 

anthropogenic activities. These activities can have severe effects on CWD including alterations 

in the amounts and types of CWD present, input (e.g. tree mortality, harvesting residue) and 

output (e.g. biomass removal) rates, and natural patterns of disturbance (Harmon et al. 1986). 

Such alterations can have serious implications for the organisms that rely on CWD for habitat or 

consumption. 
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The information presented in this thesis further adds to the evidence that CWD in a 

variety of decay stages adds complexity to, and is an important component of, forest floor 

communities. While studies regrading only bryophytes or lichens in isolation are certainly easier 

to execute in terms of methods and expertise required (i.e. species identification, differing 

molecular methods), examining both types of organisms together provides a more holistic picture 

of the communities in question. In particular, cohabitation on the same relatively small patches 

of substratum may reveal that trends towards richness, diversity, etc. are shared between these 

very distantly separated taxa. The combination of a species specific genetic study with broader 

ecological methods exploring the communities in which the species dwells shows potential 

connections between C. arbuscula genotypes and the selection of certain states of wood decay. 

While there have been few Canadian studies regarding CWD as substrate for lichens and 

bryophytes, future exploration of the subject may discover more details regarding the specific 

factors involved in the use of decaying CWD as habitat.  

Given the functions, utility, and beauty of the profuse diversity of bryophytes and lichens, 

the maintenance of their flora is vital to the continuity of healthy boreal forest communities. 

Their well-being and ecological requirements should always be considered when attempting to 

establish sustainable forest management practices.   
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APPENDIX 1: NEIGHBOUR-JOINING TREES 
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Appendix 1.a. Neighbour-joining tree: all primers 
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Appendix 1.b. Neighbour-joining tree: primer OPA-03 
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Appendix 1.c. Neighbour-joining tree: primer OPA-05 
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Appendix 1.d. Neighbour-joining tree: primer OPA-09 
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Appendix 1.e. Neighbour-joining tree: primer OPA-10 
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Appendix 1.f. Neighbour-joining tree: primer OPB-17 
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Appendix 1.g. Neighbour-joining tree: primer OPD-03 
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Appendix 1.h. Neighbour-joining tree: primer OPD-16 
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APPENDIX 2: COLLECTION ABUNDANCE DATA 
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SPECIES 
S1
-1 

S1
-2 

S1
-3 

S1
-4 

S1
-5 

S1
-6 

S2
-1 

S2
-2 

S2
-3 

S2
-4 

S2
-5 

S2
-6 

S3
-1 

S3
-2 

S3
-3 

S3
-4 

S3
-5 

S3
-6 

S4
-1 

S4
-2 

S4
-3 

S4
-4 

S4
-5 

S4
-6 

S5
-1 

S5
-2 

S5
-3 

S5
-4 

S5
-5 

S5
-6 

Decay Class 3 2 4 4 2 5 5 1 4 5 2 2 3 2 4 4 2 5 5 4 5 2 2 3 2 1 3 5 3 5 

Biatoria vernalis                                                             

Bryoria fuscescens                                                             

Bryoria furcellata                         <                                   

Cetraria islandica                     <                                       

Cladonia amaurocraea                           <       <                         

Cladonia arbuscula 5     15 20 15       10 <       <   < 25 50         40     < 15 < < 

Cladonia borealis                                                             

Cladonia botrytes                 <     <                   < <           <   

Cladonia cariosa                                                             

Cladonia cenotea     <     <               < <                       <       

Cladonia chlorophaea <                                   < <             <     < 

Cladonia coniocraea <     <     <                                       <       

Cladonia cornuta <   < < < < <   <                     <                     

Cladonia crispata         < <       25               <                   <     

Cladonia cristatella         <                   <       <                 <     

Cladonia deformis       < <                   <   30 <   <                     

Cladonia fimbriata   < <           5         <                                 

Cladonia gracilis <   <     < <   <                   5 5       <     < < 5 < 

Cladonia macilenta   <                             <                   25   <   

Cladonia multiformis                                                             

Cladonia phyllophora       <                 <                               <   

Cladonia pleurota           <                                                 

Cladonia pyxidata     5                       <                   30           

Cladonia rangiferina         15                             5                     

Cladonia stellaris                                               <             

Cladonia stygia                                       5                     

Cladonia subulata                                                         <   

Cladonia sulphurina                                                             

Cladonia uncialis                           <                                 

Cladonia verticillata                                                             

Cladonia spp. / 
squamules   < <       5   <     < <   15 10       30   < 80 10         5   

Diploschistes muscorum                                                             

Evernia mesomorpha                 <                                 <         

Hypogymnia physodes 5               <       10     <     <     <                 

Lepraria spp.                     <                                       

Massalongia carnosa                                                             

Melanelia sorediata                               5                             

Parmelia sulcata                         5                         5         

Parmeliopsis spp.                                                             

Parmeliopsis ambigua < 5           <     < <                   <                 

Parmeliopsis capitata                     < <               <                     

Parmeliopsis hyperopta                     < <                     <               

Peltigera didactyla                                                             

Peltigera rufescens                                                             

Stereocaulon paschale                   <                                         

Stereocaulon 
tomentosum                                                             
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Tuckermanopsis 
americana               5 <                         <                 

Tuckermanopsis 
fendleri                                                             

Usnea filipendula                                                             

Usnea hirta                                                             

Usnea lapponica                                                             

Vulpicida pinastri < < <       < < < < 10 5       <       <   < 5   <           

Brachythecium 
acuminatum                                                             

Brachythecium albicans                                                             

Bryum algovicum                                                             

Ceratodon purpureus                                                             

Climacium dendroides                                                             

Dicranum flagellare                                                             

Dicranum polysetum           <                                                 

Dicranum scoparium     <                                                       

Ditrichum flexicaule                                                             

Drepanocladus 
uncinatus     <                                                       

Eurhynchium 
pulchellum                                                             

Hylocomium splendens     10                                                       

Oncophorus 
wahlenbergii                           15                                 

Plagiomnium 
cuspidatum                                                             

Pleurozium schreberi     < <   20                             5     10             

Pohlia nutans                                     <   60                   

Polytrichum 
juniperinum     <                           40 10                   75   30 

Platydictya 
confervoides                                                             

Pylaisiella polyantha                                                             

Tortella fragilis                                                             

Weissia controversa                                                             

Ptilidium ciliare                                                             

VASCULAR 35     5   15                       35   15 10     5       5 40   

DEBRIS 20           15   30 80         10       45 30 5     35             
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N
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N
5-
1 

N
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3 

N
5-
4 

N
5-
5 

N
5-
6 

Decay Class 2 3 4 3 5 2 2 3 3 4 5 3 3 1 3 2 3 3 1 4 3 1 3 5 1 4 4 3 2 1 3 

Biatoria vernalis                                                       5       

Bryoria fuscescens                                                               

Bryoria furcellata                                                               

Cetraria islandica                                                   <           

Cladonia 
amaurocraea                                                               

Cladonia arbuscula       <     5                     <     <               < 5 < 

Cladonia borealis                                                   <       5   

Cladonia botrytes   <                   <                 <             < < < < 

Cladonia cariosa                                                               

Cladonia cenotea                     <             <     <               5     

Cladonia chlorophaea   < 25 < 5     15     5   <             < < <   5 <   5         

Cladonia coniocraea         5 <                 10   10 5           40     < <       

Cladonia cornuta                         <         5                 <   5     

Cladonia crispata                                   <   5                       

Cladonia cristatella     <                                                       < 

Cladonia deformis                                 5             <           5 < 

Cladonia fimbriata                                             10                 

Cladonia gracilis   15 20   < <       50 <   <       25 20   5 <           < <     5 

Cladonia macilenta   < 5             10 < <           10               20   < < <   

Cladonia multiformis                   <                                           

Cladonia phyllophora       < 5           10       <                               < 

Cladonia pleurota                                                               

Cladonia pyxidata   <               < <                             10   <       

Cladonia rangiferina                                                               

Cladonia stellaris                                                               

Cladonia stygia                                                               

Cladonia subulata                                                               

Cladonia sulphurina                         <                     5             15 

Cladonia uncialis                                                               

Cladonia verticillata             5                     <                           

Cladonia spp. / 
squamules < 60 < 15 40   15           5             10 30 20   10   <   10 20 20 5 

Diploschistes 
muscorum               <                                               

Evernia mesomorpha                                                               

Hypogymnia physodes             <     <   <       < <                     < <   10 

Lepraria spp.                                                               

Massalongia carnosa               5                                               

Melanelia sorediata                                                               

Parmelia sulcata                 25     <                   <           5       

Parmeliopsis spp.                                                               

Parmeliopsis ambigua             <                                                 

Parmeliopsis capitata                                                               

Parmeliopsis 
hyperopta           <                   10                               
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Peltigera didactyla                                                 5             

Peltigera rufescens                                                               

Stereocaulon paschale                                                               

Stereocaulon 
tomentosum                                                               

Tuckermanopsis 
americana                                                             < 

Tuckermanopsis 
fendleri                                                               

Usnea filipendula                                           <                   

Usnea hirta                                                               

Usnea lapponica                                 < <                           

Vulpicida pinastri           < <     <   <       5 < <           20   10   5 < 5 < 

Brachythecium 
acuminatum                                                               

Brachythecium 
albicans 10                   <                       <                 

Bryum algovicum                                                               

Ceratodon purpureus                                                               

Climacium dendroides                                             <                 

Dicranum flagellare                                                               

Dicranum polysetum                                                               

Dicranum scoparium                                                               

Ditrichum flexicaule                                                               

Drepanocladus 
uncinatus                     <       <               <                 

Eurhynchium 
pulchellum                 20                                             

Hylocomium 
splendens 5                       5                                     

Oncophorus 
wahlenbergii                                                               

Plagiomnium 
cuspidatum               30             <                                 

Pleurozium schreberi                   <     20 20 <       70         < 10   <         

Pohlia nutans       25 <           25       5                       5         

Polytrichum 
juniperinum                                                               

Platydictya 
confervoides                             <               5                 

Pylaisiella polyantha                                           15     20             

Tortella fragilis                                                               

Weissia controversa               <     5                                         

Ptilidium ciliare                             5                               < 

VASCULAR     35   10                                                     

DEBRIS                             5                                 
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SPECIES 
A1
-1 

A1
-2 

A1
-3 

A1
-4 

A1
-5 

A1
-6 

A2
-1 

A2
-2 

A2
-3 

A2
-4 

A2
-5 

A2
-6 

A3
-1 

A3
-2 

A3
-3 

A3
-4 

A3
-5 

A3
-6 

A4
-1 

A4
-2 

A4
-3 

A4
-4 

A4
-5 

A4
-6 

A5
-1 

A5
-2 

A5
-3 

A5
-4 

A5
-5 

A5
-6 

Decay Class 1 5 4 2 3 4 3 3 5 3 5 3 5 2 4 2 4 5 2 3 3 1 2 3 2 2 4 4 5 5 

Biatoria vernalis                 <                         <                 

Bryoria fuscescens             <                                               

Bryoria furcellata                                                             

Cetraria islandica                                                             

Cladonia amaurocraea               <       <                                     

Cladonia arbuscula < 5 20 5 <   5 15 <   < 15 < < 20 5 15 <                   10 < 90 

Cladonia borealis                                                             

Cladonia botrytes < < < 5 < < <     < <     <                                 

Cladonia cariosa                                                       5     

Cladonia cenotea   <             5     <         <             < <   5       

Cladonia chlorophaea       < <   <     5     < <           <                     

Cladonia coniocraea           <                                 <               

Cladonia cornuta                     <   <                                   

Cladonia crispata       <                     <                               

Cladonia cristatella   < <     <   <       <   <                         <       

Cladonia deformis                       <                                     

Cladonia fimbriata                 <                 <                         

Cladonia gracilis < 10 5     < < 20 50   < 10 10 25 5 40 15 <   < <           25 10 < 5 

Cladonia macilenta                         5                           5       

Cladonia multiformis                                                             

Cladonia phyllophora                       5                                     

Cladonia pleurota                                                             

Cladonia pyxidata           <     5                                           

Cladonia rangiferina                                                             

Cladonia stellaris                                                             

Cladonia stygia                       5                                     

Cladonia subulata                                                             

Cladonia sulphurina                                                             

Cladonia uncialis                                                             

Cladonia verticillata                                                             

Cladonia spp. / 
squamules           < 5     <       25 45 10 30 15         20 20     < 15     

Diploschistes muscorum                                                             

Evernia mesomorpha                                               <   <         

Hypogymnia physodes             <         <   <                 10     <         

Lepraria spp.                                                             

Massalongia carnosa                                                             

Melanelia sorediata                                                             

Parmelia sulcata           <           <   <   <                   <         

Parmeliopsis spp.                                                   <         

Parmeliopsis ambigua         <                                                   

Parmeliopsis capitata   <                                               <         

Parmeliopsis hyperopta                               <                             

Peltigera didactyla                                                             

Peltigera rufescens             <                 10                         <   

Stereocaulon paschale                                                             

Stereocaulon 
tomentosum                 <                                           
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Tuckermanopsis 
americana                                                             

Tuckermanopsis fendleri   <                                                         

Usnea filipendula                                                             

Usnea hirta                                                   <         

Usnea lapponica                                                             

Vulpicida pinastri   5 <   < < <       < <   < < < < <   < <     <     <       

Brachythecium 
acuminatum                                               30         <   

Brachythecium albicans           <     <                       < 5 35               

Bryum algovicum                                   <                         

Ceratodon purpureus                         40                                   

Climacium dendroides                                                             

Dicranum flagellare           <           <                                     

Dicranum polysetum                               <               <             

Dicranum scoparium                                                             

Ditrichum flexicaule             5   <                                       75   

Drepanocladus 
uncinatus                                                         <   

Eurhynchium pulchellum                         <                                   

Hylocomium splendens               <   15 10                                       

Oncophorus 
wahlenbergii                                                             

Plagiomnium 
cuspidatum                                               <             

Pleurozium schreberi           <   < 5           15 < 5 75                     10 < 

Pohlia nutans                       10       <                             

Polytrichum juniperinum                                                             

Platydictya confervoides                                                             

Pylaisiella polyantha                                     5     10   15             

Tortella fragilis                                         20     5             

Weissia controversa                                                             

Ptilidium ciliare             5         <         10                           

VASCULAR <           <   5   75   20         5                         

DEBRIS                         20             50             30 5     

 

 

 

 

 


