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SOMMAIRE 

L'écologie des communautés cherche à expliquer les patrons de diversité et de distribution des 

organismes en relation avec leur environnement et leurs interactions les uns avec les autres. 

Ces questions revêtent une importance particulière car des études indiquent que ces patrons 

pourraient être en train de changer pour de nombreuses espèces en raison des changements 

climatiques mondiaux et d'autres modifications environnementales. Les lichens et les 

bryophytes arboricoles jouent un rôle important dans l'écologie des forêts ; cependant, par 

rapport à d'autres taxons, ces organismes sont moins étudiés, même si leur physiologie unique 

suggère qu'ils peuvent réagir différemment aux changements environnementaux. En outre, la 

compréhension des mécanismes à l'origine des limites de distribution est particulièrement 

importante pour les lichens de sommet de montagne, car on craint que les changements 

climatiques ne réduisent l'habitat approprié pour ces espèces à l'avenir. Ma thèse pose des 

questions écologiques fondamentales sur un groupe d'organismes peu étudié, contribuant à 

combler les déficits de connaissances sur la diversité, la composition et la distribution des 

lichens et bryophytes arboricoles dans les forêts tempérées et boréales de l'est de l'Amérique 

du Nord. 

Les questions directrices de cette étude étaient les suivantes : (i) Quels sont les patrons et les 

processus impliqués dans l'assemblage des communautés le long des gradients d'altitude ? (ii) 

Comment les facteurs environnementaux ou la limitation de la dispersion déterminent-ils les 

limites de la distribution et de l'aire de répartition des espèces ?  

Les chapitres 2 et 3 quantifient les patrons taxonomiques et fonctionnels des communautés 

arboricoles de bryophytes et de macrolichens (i) le long d'un gradient d'altitude associé à des 

changements macroclimatiques de température et d'humidité relative de l'air (ii) et le long des 

gradients latéraux des troncs d'arbres associés à des changements microclimatiques de 

température et de teneur en humidité de la surface de l'écorce. Les prédictions sont testées sur 

la base d'hypothèses de déterminants déterministes vs. stochastiques de l'assemblage des 
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communautés. Pour ces chapitres, j'ai effectué des inventaires de lichens et de bryophytes sur 

les troncs d'arbres d'érable à sucre (Acer saccharum) et de sapin baumier (Abies balsamea) le 

long d'un gradient d'altitude au Parc national du Mont-Mégantic. Le chapitre 4 adopte une 

approche expérimentale pour déterminer si la distribution en haute altitude du lichen du bois 

fantôme (Pseudevernia cladonia) est déterminée par des limitations de niche ou de dispersion. 

J'ai mené une expérience de transplantation en déplaçant des individus du lichen des bois 

fantômes dans des sites à l'intérieur de sa distribution, à la limite et au-delà de sa distribution. 

Enfin, le chapitre 5 présente quelques espèces rares et intéressantes observées au cours de cette 

étude. 

J'ai constaté que, pour les lichens sur les sapins, les patrons de communautés taxonomiques et 

fonctionnelles semblent plus sensibles aux patrons climatiques à macro-échelle associés au 

gradient d'altitude qu'aux variations à micro-échelle autour des troncs d'arbres. En revanche, 

pour les bryophytes et les lichens sur les érables, l'inclinaison de l'arbre et le gradient latéral 

ont un effet plus important (chapitres 2 et 3). Les résultats expérimentaux ont montré que le 

lichen des bois fantômes semble avoir une niche limitée le long du gradient d'altitude (chapitre 

4), avec une survie et une croissance faible au-delà de sa limite de distribution à basse altitude. 

Enfin, plusieurs observations d'espèces rares et intéressantes suggèrent que le parc national du 

Mont-Mégantic est un important refuge régional pour les cryptogames (chapitre 5). Dans 

l'ensemble, ma recherche fournit des évidences solides que la prise en compte des gradients 

environnementaux à grande et à petite échelle est importante pour comprendre les patrons 

taxonomiques et fonctionnels des communautés de cryptogames arboricoles, et que ces 

communautés sont probablement sensibles aux changements climatiques.  

Mots clés : Cryptogames arboricoles, diversité alpha, diversité beta, bryophytes, composition 

des communautés, diversité alpha, diversité beta, dynamique des communautés, écologie des 

communautés, écologie de la forêt boréale, écologie de la forêt tempérée, gradient altitudinal, 

gradient latéral, lichens, limites de l’aire de répartition 
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SUMMARY 

Community ecology seeks to explain the patterns of diversity and distribution of organisms 

relating to their environment and interactions with one another. These questions are of 

particular importance as studies indicate that these patterns may be changing for many species 

faced with global climate change and other environmental changes. Arboreal lichens and 

bryophytes play an important role in the ecology of forests; however, compared to other taxa 

these organisms are less studied, even though their unique physiology suggests that they may 

respond differently to environmental changes in comparison to other taxa. Furthermore, 

understanding the mechanisms behind distribution limits is of particular importance for 

mountaintop lichens as there is concern that global climate change may reduce suitable habitat 

for these species in the future. My thesis research asks fundamental ecological questions about 

an understudied group of organisms, helping to fill knowledge gaps about the diversity, 

composition, and distribution of arboreal lichens and bryophytes in the eastern temperate and 

boreal forests of North America. 

The guiding questions in this study were as follows: (i) What patterns and processes are 

involved in community assembly along elevation gradients? (ii) How do environmental factors 

or dispersal limitation determine the limits of species distributions/ranges?  

Chapters 2 and 3 quantify the taxonomic and functional patterns of arboreal bryophyte and 

macrolichen communities (i) along an elevation gradient associated with macroclimatic 

changes in temperature and air relative humidity (ii) and along the lateral tree bole gradients 

associated with microclimatic changes in bark surface temperature and moisture content. 

Predictions are tested based on hypotheses of deterministic vs. stochastic determinants of 

community assembly. For these chapters, I conducted inventories of lichens and bryophytes 

on the boles of sugar maple (Acer saccharum) and balsam fir (Abies balsamea) along an 

elevation gradient at Parc national du Mont-Mégantic. Chapter 4 is an experimental approach 

to address whether the high elevation distribution of the Ghost Antler Lichen (Pseudevernia 
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cladonia) is determined by niche or dispersal limitations. Here, I conducted a transplant 

experiment, moving individuals of the Ghost Antler Lichen into sites within, at the edge, and 

beyond its distribution. Finally, Chapter 5 reports on some rare and interesting species observed 

during this study. 

I found that for lichens on firs, taxonomic and functional community patterns appear more 

sensitive to macro-scale climatic patterns associated with the elevation gradient than with 

micro-scale variation around tree boles. In contrast, for bryophytes and lichens on maples, tree 

inclination and the lateral gradient had a stronger effect (Chapters 2 and 3). Experimental 

results showed that the Ghost Antler Lichen appears to be niche limited along the elevation 

gradient (Chapter 4), with poor survival and growth beyond its lower elevation distribution 

limit. Finally, several observations of rare and interesting species suggest that Parc national du 

Mont-Mégantic is an important regional refuge for cryptogams (Chapter 5). Overall, my 

research provides strong evidence that considering large- and small-scale environmental 

gradients are important to understanding taxonomic and functional patterns of arboreal 

cryptogam communities, and that these communities are likely sensitive to climatic changes.  

Keywords: alpha diversity, altitudinal gradient, arboreal cryptogams, beta diversity, boreal 

forest ecology, bryophytes, community composition, distribution limits, dynamics, community 

ecology, lateral gradient, lichens, temperate forest ecology 
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CHAPTER 1 

GENERAL INTRODUCTION 

1.1 Historical overview and synthesis of community ecology theories 

Community ecologists study the processes and mechanisms of species co-occurrence and 

coexistence in time and space. The objective of this field is to explain patterns of species 

composition and diversity, their spatial and temporal variations, and the interactions that 

species have with each other and with their environment (Vellend, 2016). Community 

ecologists often use two key concepts to understand and study species diversity and 

distributions. The first is the “ecological niche”. In general terms, the ecological niche 

describes the requirements of a species for persistence and the impact that species has on the 

environment in a given area (Chase and Leibold, 2003). The second concept is stochastic 

change, or random events such as extinction, immigration, or speciation that influence 

ecological communities. These events may cause communities to change over time, but in an 

unpredictable way. These concepts are important in many different ecological studies – from 

those that examine individual species to those that address the role of species in ecosystem 

function. They also provide the key foundation for the overarching questions for this study:  

(i) What patterns and processes are involved in community assembly along elevation 

gradients?  

(ii)  How do environmental factors and dispersal limitation determine the limits of 

species distributions/ranges?  

1.1.1 Ecological niches 

Grinnell (1917) first used the term “niche” in ecology and defined it as the place in an 

environment that a species occupies. In this view, a species’ niche resulted from the 

combination of its habitat requirements and its adaptations, such as physiological tolerances, 
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morphology, feeding habits, and interactions with other species. Grinnell’s definition focused 

mainly on the effect of the environment on a species; a species occurs everywhere conditions 

are suitable and nowhere else (Fig. 1.1a). In contrast, Elton (1927) focused more on the effects 

of a species on the environment, describing a niche as an organism’s functional role within the 

food chain and its impact on the environment. 

Later, Hutchinson (1944, 1957) proposed a more quantifiable definition of the niche. He 

described a number ‘n’ of limiting factors for a species, and then plotted the range of each 

limiting factor under which the species can persist as a hypervolume of n dimensions. Thus, in 

Hutchinson’s definition, a niche is the space occupied within the n-dimension hypervolume. 

Importantly, he also recognized a distinction between the areas where a species is 

physiologically capable of living, versus the area where the species physically occurs (Fig. 

1.1b). Hutchinson described a species’ fundamental niche as the n-dimensional hypervolume 

that would manifest in the absence of other species.  In contrast, the realized niche is the part 

of the fundamental niche in which the species is restricted due to interspecific interactions. 

Niche theory was then developed to examine how many and how similar competing, co-

existing species could be within a given community, using models that quantify the niche as 

the function describing resource utilization in one or more dimensions (MacArthur and Levins, 

1967; MacArthur, 1969, 1972; May and MacArthur 1972).  

The modern niche concept (Chase and Leibold, 2003) drew on these earlier works to create a 

more integrative definition of the niche, incorporating both the requirements for persistence in 

an environment (Grinnell, 1917; Hutchinson 1944, 1957) and the impact of an organism on its 

environment (Elton, 1927; MacArthur 1969, 1972) at multiple spatial scales. Thus, this modern 

definition includes two components (i) the environmental conditions that allow a species to 

satisfy its minimum requirements so that the birth rate of a local population is equal or greater 

than its death rate, and (ii) the effects of that species on these environmental conditions (Chase 

and Leibold 2003).      
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a.)       b.) 

 

Figure 1.1 The Grinnellian (a) and Hutchinsonian (b) views of the relationship 

between niche and species distribution.  

In each diagram, each point (small circle) is a site, and the solid, gray oval 

depicts the fundamental niche. The solid black circles indicate the presence of 

the species in a site (e.g., patch of habitat) characterized by particular values of 

environmental factors 1 and 2, and the empty black circles similarly indicate the 

absence of the species in a site. According to the Grinnellian niche concept (a), 

a species occurs everywhere that conditions are suitable and nowhere else. 

Hutchinson’s realized niche concept (b) postulates that a species will be absent 

from some portions of the fundamental niche due to competitive exclusion (e.g., 

a dominant competitor found in sites within the dashed circle); the remaining 

area where the species is present is the “realized” niche (graphs modified from 

Pulliam, 2000). 
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1.1.2 Neutral theory 

The alternative view to the niche theory is the neutral theory, prosed by Hubbell (2005), which 

argues that it is stochastic events (e.g., random, unpredictable events such as extinction, 

immigration, speciation, and dispersal) that influences community assemblages, and that no 

species is favored over another. In this model, stochastic drift drives species extinctions in a 

community, while increases to the number of species in a community are the result of 

speciation, immigration, and dispersal (Adler et al., 2007). Finally, this theory assumes that all 

species in a community are functionally equivalent with respect to their demographic and 

interspecific relationships. In other words, neutral theory implies that a species’ adaptations do 

not give them an advantage over other species in an environment, and that the composition of 

community assemblages (which species occur at what abundance) cannot be predicted, in 

direct contrast to the niche theory.  

1.1.3 Mechanisms of community assembly 

A current goal in community ecology is to understand the relative importance of the factors 

that shape community assembly (Vellend, 2016). Emphasis is frequently focused on two 

general mechanisms thought to govern community assembly: deterministic and stochastic 

processes. The deterministic view is rooted in the niche theory and argues that local 

communities experiencing the same environments should converge to a single stable 

equilibrium, regardless of colonization history, which is determined by the regional species 

pool and the local environmental conditions (Chase, 2003). Moreover, local communities 

experiencing different environmental conditions should diverge to different equilibria (Chase, 

2003). The alternative view, that stochastic processes are important in determining community 

assembly is rooted in the neutral theory. The stochastic view recognizes the importance of 

stochastic events during colonization (order, dispersal, extinctions), which may result in a 

divergence of community structure among localities (multiple stable equilibria) even with 

similar environmental conditions (Chase, 2003). 
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Closely related to niche theory and the deterministic view is the concept of environmental 

filtering, which refers to a series of steps at which different species are excluded from, or 

admitted to, a community, with each step representing a different environmental variable of 

interest (Keddy, 2001). According to community assembly theory, it is the strength of an 

environmental filter in a given place that determines the degree to which deterministic or 

stochastic processes influence community assembly (Mittelbach and McGill, 2019; Vellend, 

2016).  

Ecologist often study community assembly along environmental gradients, which refers to 

variation in some environmental factor (a resource such as nitrogen or a condition such as 

stress or disturbance) that effects variation in the number of individuals creating a gradient 

(Scheiner and Willig, 2005). Studies along these gradients allow ecologists to quantify changes 

in species diversity and composition relating to environmental changes; these measurements 

can then be used to test predictions of different models of community assembly. 

1.1.3.1 Quantifying community assembly patterns along environmental gradients 

Interpreting patterns and processes of community assembly often involves analyses of 

multivariate data, in which researchers record the presence and abundance of multiple species 

in a series of different places (plots). One of the earliest debates in this line of research 

concerned whether one could classify a community as a discrete unit. Clements (1926) argued 

that communities were discrete units and along an environmental gradient there would be 

abrupt changes from one community type to the next, a view in line with early studies 

concerned with vegetation classification (Braun-Blanquet, 1932). In contrast, Gleason (1926) 

argued that a species responded individualistically to changes in the environment. In the 1950s 

and 1960s studies of plant communities along gradients showed gradual changes in community 

composition, which supported Gleason’s view (Whittaker, 1956, 1960; Curtis, 1959). 

Whittaker, in his studies of the vegetation of the Smoky (1956) and Siskiyou (1960) mountains, 

reported gradual vegetation change along environmental gradients such as elevation, substrate 
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type, and moisture. He presented quantitative vegetation measurements (e.g., frequency, stem 

size, etc.) of species along several gradients, but he interpreted the results of his data 

qualitatively, for the most part.  

In 1957, Bray and Curtis developed a quantitative method for multivariate data called 

ordination. This method allowed ecologists to visualize in just a few dimensions (2-3 

dimensional graphs) patterns of (dis)similarity in species composition among sites based on 

data with many dimensions (each site characterized by the presence/abundance of many 

species). Furthermore, ordination allowed ecologists to quantify the environmental and spatial 

variables that correlated most strongly with the variation in composition between sites. Since 

this time, ecologists have used modern versions of ordination methods in thousands of 

ecological studies to investigate community composition and environment relationships 

(Anderson et al. 2011; Legendre and Legendre, 2012, Vellend, 2016).  

1.1.3.2 Alpha and beta diversity  

Measures of alpha diversity quantify the number of species (species richness) of a given taxon 

at a site and the evenness of their abundances (Magurran, 2004). Several metrics exist for 

quantifying alpha diversity; in this study we use the Hill Numbers version of the Shannon 

Diversity Index, a transformation which assures that when all species are equally abundant the 

Hill number will equal the number of species (Magurran, 2004).  

Beta diversity is a concept central to the field of ecology and to ordination methods described 

above, allowing researchers to address questions of how and why community assemblages 

vary in composition across time and space (Vellend, 2010).  Whittaker (1960) defined beta 

diversity as “the extent of change in community composition, or the degree of community 

differentiation, in relation to a complex-gradient of environment, or a pattern of environments”. 

In other words, beta diversity is the dissimilarity in species composition among sites (Vellend, 

2016), with the definition of “site” varying from study to study. For example, a study of lichens 
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and bryophytes might examine the beta diversity among sites of many hectares at different 

elevations, or among individual trees (= sites) within a given forest stand.  

There are many methods for calculating beta diversity. The classic metric proposed by 

Whittaker (1960) calculates beta diversity directly from regional and local diversity: β = γ / α.  

In this equation, beta diversity (β) equals the ratio between gamma (γ, total number of species 

across sites) and mean alpha (α) diversity per site. Many multivariate measures of beta diversity 

are based on pairwise dissimilarities between sites (Anderson et al. 2011), the most well-known 

of which is the Bray Curtis dissimilarity (1957): BCij = 1- 2Cij / (Si + Sj). In this equation, BCij 

is the Bray-Curtis dissimilarity of sites i and j, Si is the total abundance summed across species 

at site i, Sj is the total abundance summed across species at site j, and Cij is the sum of the 

smallest value for only the species shared between the sites. For example, consider plant 

species at two different sites. Site 1 has 10 counts of species a, 6 counts of species b, and 4 

count of species c. Site 2 has 8 counts of species a, and 4 counts of species b. Therefore, Cij is 

12 (e.g., 8 + 4).  

The Bray Curtis dissimilarity varies theoretically between 0 and 1. Two sites with a score of 0 

share all the same species at the same abundances, whereas two sites with a score of 1 have no 

species in common. Many other metrics of pairwise (dis)similarity have been proposed with 

similar properties (Legendre and Legendre, 2012). 

In the Introduction sections to Chapters 2 and 3, I discuss the processes and predictions 

concerning beta diversity in different community assembly models.  Briefly, there are three 

main processes or factors that increase beta diversity among sites. The first is environmental 

heterogeneity, a deterministic (non-random) factor that results in species with different niches 

occurring in different localities along an environmental gradient. Beta diversity should be 

lower among environmentally similar sites and higher among environmentally dissimilar sites 

(Tuomisto and Yli-Halla 2003; Dornelas et al. 2006). In the absence of environmental 

heterogeneity, limited dispersal, and stochastic events (the second factor) may increase beta 
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diversity among environmentally similar sites. A high rate of dispersal among sites can result 

in more similar communities, thus decreasing beta diversity among sites (Wright, 1940), if the 

species can establish in an area. Finally, stochastic colonization combined with multiple stable 

equilibria may lead to greater beta diversity, even in the absence of environmental 

heterogeneity. In this scenario, both non-neutral and neutral processes influence community 

assemblages, which combine to create greater beta diversity (e.g., greater dissimilarity) among 

environmentally similar sites (Chave and Leigh, 2002; Condit et al. 2002). This scenario 

involves priority effects, via which invasion order can influence community composition if a 

species that colonizes a site first influence the success (or failure) of species that arrive later 

(Scheffer, 2009).  

1.1.3.3 Habitat features that may predict niche-assembled or dispersal-assembled 

communities 

The strength of environmental filtering in an area may influence the relative importance of 

deterministic or stochastic colonization processes in a community. For example, community 

assembly theory predicts that in a challenging environment (e.g., for many vascular plants, a 

community with low productivity and/or frequent disturbance) environmental filters will be 

stronger and select for the few species whose traits allow them to tolerate these conditions 

(regardless of which species arrives first), thereby reducing the influence of stochastic 

processes, and causing low alpha diversity and low beta diversity among sites with a similar 

environmental filter (Grime 1977; Chase 2003, 2010). In contrast, in a less challenging 

environment (e.g., for vascular plants high productivity and a low rate of disturbance) more 

species are likely to be able to colonize (if propagules arrive), thereby increasing the potential 

influence of stochastic processes and increasing alpha diversity and beta diversity among 

environmentally similar sites (Grime 1977; Chase, 2010).  

A series of papers by Chase (2003, 2007, 2010) count among the few studies that have directly 

tested these hypotheses. For example, Chase (2007) periodically drained several ponds to 
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simulate drought and thus impose a strong environmental filter. For the pond communities, 

there was greater beta diversity between sites that had not been drained, (e.g., the environments 

with a weaker environmental filter), suggesting that ecological drift and priority effects had a 

greater effect in these ponds as predicted. In a similar study, Chase (2010) manipulated 

productivity instead of drought to test the hypothesis that higher beta diversity in more 

productive sites results from a stronger influence of stochastic processes rather than 

deterministic processes. Results were consistent with this hypothesis; the greatest beta 

diversity between sites was found under the highest productivity, the lowest beta diversity 

between sites with the lower productivity, and intermediate beta diversity for sites with 

intermediate levels of productivity.  

1.2 Functional traits 

Ecological communities can also be viewed through the lens of functional units. A functional 

trait is “any morphological, physiological or phenological feature measurable at the individual 

level, from the cell to the whole-organism level, without reference to the environment or any 

other level of organization” (Violle et al. 2007). Shipley (2010) proposed the following 

definition: a functional trait is a “property of an organism or part of an organism that causes 

differences in the probabilities of survivability or reproduction”. The traits of vascular plants 

have been well studied and some examples include growth form, life form, specific leaf area, 

and dispersal mode (Cornelisson et al. 2003). Ecologists often describe the changes in trait 

values along gradients. For example, Ozinga et al. (2004) showed a strong relationship between 

seed dispersal type (water, wind, by animals) and gradients of soil, nutrient, and light.  

Environmental filtering is an important concept for understanding the relationship between 

functional traits and community assembly. For example, soil nitrogen content is a key variable 

along an environmental gradient of soil fertility, and a plant species with functional traits well 

adapted to the level of a variable in particular position along a gradient may pass though the 

filter and establish there. Other species with traits that are not as well adapted will not make it 
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through the filter and will not be able to establish there, even if they can reach the site (Keddy, 

2001).  

Incorporating functional traits into ecological studies potentially enables a deeper mechanistic 

understanding of community assembly processes (Cadotte et al. 2011). For example, a long-

standing hypothesis in community ecology is that community assembly is deterministic in 

relation to functional groups but dependent on stochastic events to influence composition 

within functional groups (Fox, 1987; Wilson, 1999; Walker and Del Moral 2003; Temperton 

et al. 2004). According to this hypothesis, environmental conditions (e.g., deterministic 

processes) influence the available niches and the functional groups that can fill them (Weiher 

et al. 1998; Dıaz et al. 1999; Watkins and Wilson 2003). While  some studies do report (usually 

weak) signals that interspecific competition selects for trait values that are not too similar; most 

studies indicate that species sharing the same habitat often exhibit similar traits, such as those 

related to morphology, reproduction, or dispersal (Weiher and Keddy, 2001).. Therefore, 

studies incorporating functional composition (e.g., to the presence and abundance of functional 

traits) (Diaz and Cabido, 2001) can reveal which traits correlate with environmental conditions. 

1.3 Environmental gradients  

1.3.1 Elevations gradients 

Elevation gradients offer a means for understanding how organisms relate to environmental 

conditions. Along these gradients, community assemblages change resulting from changes in 

climate, productivity, evolutionary history, and biotic processes and other factors (McCain, 

2007, 2009; McCain and Grytnes, 2010). Thus, elevation gradients provide excellent study 

systems for investigating diversity patterns and the mechanisms influencing community 

assembly. One of the most notable drivers of changes in alpha diversity along elevation 

gradients is climate, in particular temperature and humidity. Climate-diversity models 

generally predict that humid mountains, such as those in eastern temperate regions, have the 
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warmest, wettest, and most productive areas towards the base, and so the highest diversity 

(McCain, 2007). 

Whittaker’s 1960 study of plants in the Siskiyou Mountains of Oregon and Northern California 

was one of the first to address alpha and beta diversity along elevation gradients. The author 

reported that plant alpha diversity showed (i) a linear decrease from low to high elevations or 

(ii) a uni-modal response that peaks at the mid-elevations, depending on the taxon. Moreover, 

Whittaker noted that beta diversity of plants along elevation gradients was higher at the more 

productive low elevation sites than less productive high elevation sites. Later, Harrison et al. 

(2011) re-analyzed Whittaker’s dataset to quantitatively show that beta diversity, defined in 

their study as compositional turnover along one gradient, was higher in more productive (e.g., 

less stressful) areas.  

After Whittaker, many studies addressed alpha diversity along elevation gradients for several 

animal and plant taxa (Rahbek, 1995; McCain, 2005, 2007, 2009; McCain and Grytnes, 2010). 

From these studies, McCain and Grytnes (2010) described the four most common patterns of 

alpha diversity along elevation gradients (Fig. 1.2). Notably, a common feature of all four 

patterns is a lower alpha diversity at the highest elevations compared to either the mid or lower 

elevations. However, in a few rare cases the alpha diversity increased with elevation, as is the 

case with lichens and bryophytes (Grytnes et al. 2006; Bässler et al. 2015; Nascimbene et al. 

2015), although knowledge of these taxa remains very limited. These studies support the idea 

that patterns of alpha diversity are (i) taxon-specific, and that for most taxa, (ii) elevation 

eventually results in a decline in alpha diversity; the pattern just may not follow a linear 

decrease. 

In comparison to alpha diversity, beta diversity remains understudied. Beta diversity may show 

contradictory or no relationship with elevation. For example, Tang et al. (2012) found that beta 

diversity did not always decline with elevation, often showing no significant trend, and that 

beta diversity patterns among tree and shrub taxa differed among mountains. Beta diversity  
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Figure 1.2 The four most common alpha diversity patterns described along elevation 

gradients  

Modified from McCain and Grytnes, 2010.  

differences along environmental gradients can also be relatively weak compared to alpha 

diversity patterns (Harrison et al., 2011; Vellend, 2016).  In short, the relationship between 

beta diversity and elevation deserves further attention in ecological studies. 
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1.3.2 Lateral gradients of tree boles 

Trees intercept radiation and water, and change air currents, resulting in microclimatic 

gradients of temperature and humidity on their surfaces (Rhoades, 1995; Ellis et al. 2012). As 

trees in eastern temperate ecosystems harbor diverse arboreal communities, these gradients can 

provide insight into how species diversity and community assembly respond to microclimatic 

changes. Furthermore, researchers can replicate these gradients many more times than an 

elevation gradient.   

A little-studied gradient associated with tree structure is the lateral gradient, which is the 

gradient that extends around the tree bole at a given height and is associated with the aspect or 

inclination of the tree bole (Ellis et al. 2012). (See Fig 2.2 in Chapter 2). Studies suggest that 

moisture availability varies around the tree bole, and the aspect and/or the degree to which the 

tree bole leans (inclination) may strengthen micro-climatic contrasts (Barkman, 1958; Pitkin, 

1975; Ranius et al. 2008). In general, most of the moisture that reaches the tree bole 

concentrates on the upper side, resulting in a moist (upper) side and a dry (lower) side. Overall, 

there are few studies specifically addressing diversity and composition around lateral 

gradients, but evidence suggests that distinct communities exist on the upper and lower trunk 

surfaces of an inclined tree bole (McCune et al. 2000; Ranius et al. 2008). Furthermore, 

competition may play a role in determining these patterns, with stronger competitors 

preventing poorer competitors from occupying the upper (wetter) side of the trunk (Pike et al. 

1975; Kenkel and Bradford; 1986; Kuusinen, 1994; McCune et al. 2000).  

1.4 Species’ distribution limits 

Both the multivariate analyses described in the previous section and studies of species’ 

distribution limits have a common foundation in the niche concept. No species occurs 

everywhere in the world; rather, most have a relatively limited set of conditions defining where 

it can persist. In other words, every species has a geographic range limit, the spatial boundary 
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beyond which a species does not occur. Studies of geographic distribution limits are central to 

the study of ecology and address questions concerning the factors that limit a species’ 

occurrence, the patterns of variation in a species’ distribution, the role of dispersal, and why a 

species may not adapt to overcome barriers to its distribution limit (Gaston, 2003). In addition, 

understanding a species’ distribution limit is important in predicting its response to changes in 

climate, habitat or introduced species (Gaston, 2003). While the distribution of species has 

been widely studied as a foundational focus of the field of ecology, fewer studies have sought 

to make a distinction between a distribution limit that is constrained by the environment, verses 

a distribution limit that is imposed by a dispersal limitation (Gaston, 2003).  

Broadly speaking, two ecological factors may explain distribution limits: niche-limitations and 

dispersal-limitations. In a niche-driven distribution limit, a species stops occurring in places 

where abiotic and biotic factors prevent populations from being self-sustaining (Holt, 2003). 

In contrast, for a dispersal driven distribution limit, suitable habitat exists for a species beyond 

its current distribution limit. However, the species has not colonized the area yet. One way to 

understand a species’ distribution limit across a continuous environmental gradient is to 

distinguish cases in which a niche limit that equals the distribution limit (RL = NL) or cases in 

which a distribution limit that does not equal the niche limit (RL ≠ NL; Hargreaves et al. 2013), 

as described further below. 

When the distribution limit equals the niche limit (RL = NL) a species stops occurring where 

abiotic and biotic factors reduce its fitness and the population is no longer self-sustaining (Fig. 

1.3a; Holt, 2003). A distribution limit that falls short of the niche limit (RL < NL) suggests 

dispersal limitation (Fig 1.3b) because suitable habitat appears to exist for the species beyond 

the distribution limit; it just has not established there yet. Dispersal driven distribution limits 

may result from (i) a lag in dispersal due environmental change or (ii) metapopulation 

dynamics. A lag in dispersal may occur when species’ ability to disperse cannot keep up with 

pace of opening suitable environment or temporal environmental fluctuations. For example, a 

species’ dispersal rate may lag in habitat colonization after glacial retreat, even up to the  
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a.)                                      b.)                     c.) 

 

 

Figure 1.3 An example of range limit equaling the niche limit (NL = RL; a), a range limit falling short of the niche limit 

(RL < NL; b), and a range limit exceeding a niche limit (RL > NL; c) along an elevation gradient.  

The solid black circles represent the presence of a species and the empty circles represent its absence. The dashed 

black line represents the niche limit, beyond which populations are not self-sustaining. 
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present day (Svenning et al. 2008). Second, metapopulation theory may also explain why a 

distribution limit falls short of a niche limit. A metapopulation consists of several distinct 

populations together with areas of suitable habitat that are currently unoccupied.  The 

metapopulation is non-self-sustaining if extinction of occupied patches is greater than the 

recolonization of vacant patches (Carter and Prince, 1981; Holt and Keitt, 2000). At a species’ 

distribution edge, small habitat patch size, large distances between patches, or difficulty with 

dispersal can lead to metapopulation extinction (Holt et al. 2005), even if suitable habitat exists 

in local patches beyond its distribution limit. High dispersal may lead to a situation where the 

distribution limit exceeds the niche limit (RL > NL), with sink populations (e.g., non-self-

sustaining) occurring beyond the geographic position of the niche limit (Pulliam, 2000) (Fig. 

1.3c). Environmental fluctuations may allow a species to extend its distribution limit 

temporarily. For example, after a year with favorable climatic conditions, a species with a high 

dispersal rate may establish populations beyond the long-term niche limit (Bowman et al. 

2005). RL > NL may also exist in the absence of environmental change, due to “stable” sink 

populations. In this scenario, the birth rate is less than the death rate locally beyond the 

distribution limit, but immigration and the birthrate together exceed the death rate and so 

populations persist.  

The best evidence for inferring a niche or dispersal constrained distribution limit comes from 

experiments that compare the fitness of transplants within a species’ distribution and out of its 

distribution (Gaston, 2003). In a meta-analysis of 111 transplant studies (88 plant species and 

five invertebrate species) along geographic and elevation gradients, most experiments showed 

that niche constraints were the cause of a species’ distribution limit (i.e., RL=NL) (Hargreaves 

et al. 2013). Most of these tests (75%) showed that fitness declined beyond the distribution 

limit, and that fitness declines increased for transplants further from the distribution limit. 

These results suggest that most distribution limits result from declining habitat quality and 

subsequent niche-constraints. When the authors considered studies of elevation distribution 

limits only, 55% coincided with niche limits (RL=NL) (Fig.1a), whereas 40% exceeded niche 

limits (RL > NL) (Fig. 1c). These results suggest that distribution limits along elevation 
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gradients are typically niche-constrained but may include non self-sustaining sink populations 

beyond the niche limit.  

1.5 Cryptogam ecology 

In this study, I focused on testing predictions from fundamental ecological theory specifically 

for arboreal lichens and bryophytes at Parc national du Mont-Mégantic in Québec, Canada. 

Many of the predictions I make are based on the physiology and habitat requirements of lichens 

and bryophytes. Therefore, in the following sections I provide an overview of the study area 

and a review of the literature on the basic biology and community ecology of lichens and 

bryophytes before stating the questions and objectives of my research. 

1.5.1 Study area and taxon description 

I conducted my research in Parc national du Mont-Mégantic, a 54.9 km2 protected area 

designated by the Québec government in 1994. The park is situated within the Northern 

Appalachian Mountain reg ion and consists of several peaks that surround the highest mountain 

in the park, Mont-Mégantic (1105 m). Parc national du Mont-Mégantic has a northern 

temperate climate characterized by very cold winters due the orthographic effect of the 

Appalachian Plateau (PndMM, 2007). The annual average temperature of Mont-Mégantic is 

3.6 °C. However, temperature declines as a function of elevation at a rate of 0.64 °C per 100 

m. Therefore, average temperatures are about 3.8 °C cooler on the summit than at the base. 

Precipitation may reach 780 mm each year, 40% of which is in the form of snow. The growing 

season is about 100 days long, 20 days shorter than the surrounding lowlands (Savage and 

Vellend, 2015). The vegetation of the park includes mixed northern hardwood forest at the 

lower elevations, boreal forest stands at the higher elevations, and an abrupt transition zone at 

the mid-elevations (PndMM, 2007). In general, sugar maple (Acer saccharum) and yellow 

birch (Betula alleghaniensis) are the dominant trees from 400 - 650 m, balsam fir (Abies 

balsamea) and yellow birch from 650 - 800 m, and balsam fir and white birch (Betula 
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papyrifera) grow above 800 m. The boreal forest of balsam fir and red spruce (Picea rubens) 

begins at 900 m. Disturbances in the park include logging (1900 – 1970), spruce-budworm 

outbreaks (1974 – 1984), and ice storm damage in 1998. The specific location of my study has 

likely never been logged, or not logged within the last 100 years. Previous inventories indicate 

that there is a rich bryophyte and lichen flora in the park (Faubert, 2016; Lavoie, 2017). The 

last inventory conducted for bryophytes within the park noted 157 taxons. Only one previous 

study has addressed the community ecology of terricolous bryophytes in the park (Becker-

Scarpitta and Vellend, 2020). Lavoie (2017) conducted a lichen survey in 2016, prior to that 

the last inventory was conducted in the 1980s. The lichen species list updated by Lavoie now 

has 168 taxa, including 62 new records for the park, three new records for Québec, and one 

new record for Canada, however he noted that lichens remain under studied in the park (Lavoie, 

2017). My study will be the first to address the community ecology of arboreal bryophytes and 

lichens at Mont-Mégantic. 

1.5.2 Lichens 

A lichen is a physical association between a fungus or fungi (mycobiont) and an algal or 

bacterial photobiont that results in a stable body with a distinctive structure (Brodo et al. 2001; 

Nash, 2008). The most common mycobionts are the ascomycetes, or “sac-fungi,” named for 

their spore sacs called asci, though basidiomycete yeasts may also be present in the cortex of 

certain species (Spribille, et al. 2016). Lichen photobionts are most commonly green algae in 

the order Chlorophyta (“chlorolichens”). However, some lichens have a cyanobacterium for a 

photobiont (“cyanolichens”), and some may have both a cyanobacterial and an algal photobiont 

(“cephalolichens”). The fungus and the photobiont have a symbiotic relationship in which the 

fungus receives nutrients produced by the photobiont, and the photobiont receives shelter 

within the thallus of the fungi (Brodo et al. 2001). Sexual reproduction takes place only in the 

fruiting bodies of the fungal component, once lichenized the photobionts do not reproduce 

sexually (Nash, 2008). Many lichen species also reproduce asexually via isidia and soredia, 
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specialized propagules composed of cells of both the fungus and photobiont that break off 

easily from the thallus or via thallus fragmentation (Nash, 2008).  

1.5.3 Bryophytes 

Bryophytes are small spore-producing plants rarely taller than 6 cm (Buck et. al, 2009; 

Crandall-Stotler et al. 2009). They differ from vascular plants in that they lack a true vascular 

system that contains lignin; however, some species do have a central strand of water-

conducting cells (Vanderpoorten and Goffinet, 2009). This study focuses on the two arboreal 

groups observed at Mont-Mégantic: the mosses and liverworts. Alternation of generations 

characterizes the life cycle of bryophytes and all plants, in which, upon fertilization, a haploid 

phase gives rise to a diploid phase that undergoes meiosis to regenerate haploid cells 

(Vanderpoorten and Goffinet, 2009). Bryophytes are the only plants with a life cycle where 

the gametophyte stage (which refers to the vegetative or green part of the plant that houses 

structures for sexual reproduction) is longer lasting than the sporophyte phase (reproductive 

phase) (Vanderpoorten and Goffinet, 2009).  Eggs and sperm are produced in separate 

structures, and the sperm must swim through the water film on the surface of the plant to reach 

the eggs. Once fertilized, the gametophyte grows and produces spores. When a spore lands in 

a suitable habitat it sprouts into fine filaments (protonema), which may become a mature 

gametophyte. Bryophytes also reproduce asexually by fragments or by clumps of cells that fall 

off and become protonema. 

1.6 Ecological characteristics of cryptogams 

Although they are very different organisms, many cryptogams have similar ecological 

requirements and often collectively form a “horizontal community” (spatially co-occurring 

species on the same trophic level; Vellend, 2016). Their diversity and distribution patterns may 

differ from those commonly observed for vascular plants and other species due to their unique 

physiology, described below.  
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1.6.1 Poikilohydric character 

Humidity is important in defining cryptogam habitat. Unlike vascular plants, which maintain 

their water status at a relatively constant levels, cryptogams are poikilohydric organisms, 

meaning their water status varies with surrounding environmental conditions (Proctor, 2000; 

Nash, 2008). Furthermore, they lack a true vascular system, true roots, and a cuticle (the 

protective structure on the leaves of vascular plants for retaining water) and adsorb water and 

inorganic nutrients through their body surface (Nash 2008; Vanderpoorten and Goffinet, 2009). 

Since they are not reliant on drawing water from the soil, many cryptogams can grow on rocks 

and tree trunks – places that are inhospitable to most vascular plants (Nash 2008; 

Vanderpoorten and Goffinet, 2009). Finally, cryptogams are able to dry to equilibrium with air 

and then resume normal metabolic activity after rehydration, though species vary in their 

ability to withstand desiccation (Proctor, 2000; Nash, 2008). However, a major limitation of 

the poikilohydric condition is that growth and development occur only during periods of 

hydration. 

1.6.2 Taxon-specific moisture and temperature requirements 

Moisture and temperature play central roles in maintaining the balance between photosynthesis 

and respiration – a key to cryptogam survival (Glime, 2007; Nash, 2008). Lichens with green 

algae photobiont (chlorolichens and cephalolichens) have lower moisture requirements than 

bryophytes and are quite efficient at using water vapor from humid air. (Cyanolichens - which 

I did not observe in my inventories - tend to have higher moisture requirements; Lange et al. 

1988). Photosynthesis occurs most efficiently when the thalli are about 2/3 saturated; in fact, 

oversaturation with water can limit photosynthesis due to limited CO2 diffusion (Brodo et al. 

2001; Lange et al. 1993; Lange et al. 2001). Once fully saturated, respiration becomes the 

dominant process (Brodo et al. 2001). The optimal temperature for photosynthesis varies 

among lichen species but is generally lower than for respiration and associated with the 

lichen’s environment. For example, Antartic lichens the optima temperature is 0-10 °C, 
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whereas temperate lichens photosynthesize more efficiently between 10-15 °C (Brodo et al. 

2001). In contrast, optimal temperatures for respiration are higher and relatively consistent 

across species (15-30 °C) (Brodo et al. 2001; Palmqvist, 2008). Therefore, their physiology 

suggests that ideal habitat for a lichen is one with high air humidity but cooler temperatures to 

keep respiration in check.  

In contrast, bryophytes generally have higher moisture needs than lichens to keep them 

hydrated long enough for photosynthetic gain (Greene and Lange, 1995; Proctor, 2000). They 

are more reliant on moisture in liquid form, mostly from rainfall, but also from dew, or cloud 

droplets (Csintalan et al. 1999; Leon-Vargas et al. 2006; Proctor, 2000; Proctor 2007). External 

water storage is important for bryophytes as recovery from dry periods can be slow, resulting 

in little growth during periods when the hydration is short (Greene and Lange, 1995; Proctor, 

2000). The optimal temperature for photosynthesis for bryophytes appears to be less variable 

than for lichens, and for most species is between 15–25 °C (Furness and Grime, 1982). 

Therefore, the physiology of bryophytes suggests that the ideal habitat is one where liquid 

moisture is available for a long enough period to ensure that they stay hydrated long enough 

for photosynthetic gain, with temperature being less important. 

1.7 Cryptogam diversity and composition patterns along environmental gradients 

1.7.1 Elevation gradients 

Studies have examined patterns of lichen and bryophyte communities on several substrates 

across elevation gradients. Most of these studies examined alpha diversity and revealed that 

patterns vary depending on the taxa and substrate studied. Compared to other taxa (e.g., 

vascular plants, animals), studies of lichens and bryophytes remain limited in number, and 

even fewer studies have considered lichens and bryophytes together, particularly for arboreal 

species.  
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Studies of lichen alpha diversity indicate a relationship with elevation though patterns vary 

among substrates and regions. Studies specifically of arboreal lichens in temperate and boreal 

regions report increases with elevation (Bässler et al. 2015; Belguidoum et al. 2021; Boch et 

al. 2019; Cobanaglu and Sevgi, 2009; Nascimbene and Marini, 2015), whereas studies 

considering multiple substrates report mid elevation peaks (Rapai et al. 2012; Negi and Upreti, 

2000; Pinokiyo et al. 2008). The authors of these studies cite many factors that may contribute 

to these varying patterns including the heterogeneity of transition zones (Rapai et al. 2012), 

grazing of low elevations (Negi and Upreti, 2000; Pinokiyo et al. 2008), microclimate 

(Pinokiyo et al. 2008), more open forest structure and more light availability at high elevation, 

elevation gradient not exceeding the timberline (e.g., “half gradient”) (Boch et al. 2019), and 

climatic variables such as temperature, precipitation, and humidity (Bässler et al. 2015; 

Belguidoum et al. 2021; Nascimbene et al. 2015;). Lichen species composition varies with 

elevation, although we are aware of only a few studies that assess how beta diversity within a 

given elevation band varies across the elevation gradient (Nascimbene and Spitale, 2017; Negi 

and Upreti, 2000; Wolf, 1993). 

For bryophytes, the relationship between elevation and alpha diversity is highly variable. 

Studies report the greatest alpha diversity at mid or low elevations for arboreal and/or 

corticolous bryophytes, (Wolf, 1993; Ah-Peng et al., 2012; Boch et al., 2019; Mucina et al. 

2000; Spitale, 2016). However, studies of bryophytes on non-arboreal substrates note that 

alpha diversity increases with elevation (Grau et al. 2007; Lee and La Roi, 1979; Stehn et al. 

2010). Finally, other studies suggest that bryophyte alpha diversity has no relationship with 

elevation (Becker-Scarpitta and Vellend, 2020; Grytnes et al. 2006; Slack, 1977). In our study 

area, alpha and beta diversity of terricolous bryophytes did not relate to elevation (Becker-

Scarpitta and Vellend, 2020). These patterns may be driven by humidity, temperature, and the 

length of the gradient (Spitale, 2016), canopy openness and the presence of ground-dwelling 

vascular plants (Stehn et al. 2010), or the sensitivity of bryophytes to moisture gradients as 

opposed to elevation (Becker-Scarpitta and Vellend, 2020; Lee and La Roi, 1979; Grytnes et 

al. 2006). 
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1.7.2 Lateral gradients of tree boles 

Studies suggest that bryophytes dominate on the upper side of inclined trunk surfaces, in many 

cases over lichens, whereas lichens appear better able to withstand the lower, drier sides of the 

tree bole (Pike et al. 1975; Kenkel and Bradford; 1986; Kuusinen, 1994; McCune et al. 2000). 

Once established, arboreal bryophyte mats on the upper side of the trunk may act as a 'wick', 

preventing stemflow from reaching the lower side of the trunk (Barkman, 1958). The aspects 

of a tree bole has also been noted to play a role in more open forests than bole inclination 

(Yarranton, 1972) with some studies suggesting that aspect plays a role in influencing the 

number of individuals, cover, and diversity of arboreal lichen communities (Gough, 1975; 

Lange et al. 1980; Yarranton, 1972). These studies suggest that the response of cryptogams is 

taxon-specific to microclimatic gradients, but studies investigating this subject are limited. 

1.8 Cryptogam functional traits  

Most trait-based research on autotrophs has focused on vascular plants, as studies indicate that 

their functional traits influence ecosystem processes such as litter decomposability and leaf 

digestibility (Cornelissen et al. 1999; Cornelissen et al. 2004). Functional patterns of 

cryptogams, also autotrophs, are less known, but also likely influence ecosystem processes 

(Asplund and Wardle, 2013). Studies suggest that cryptogram functional traits are correlated 

with large-scale distribution patterns (discussed in more detail in the following paragraphs), 

and authors of these studies have put forth interesting hypotheses in need of further testing. In 

the following paragraphs I give an overview of the traits included in this study and their relation 

to the environment. 

1.8.1 Lichen functional traits 

There are two main macrolichen growth forms, fruticose and foliose (Nash, 2008). Fruticose 

lichens have elongated thalli (e.g., body) that are either erect or pendant, and typically have no 
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distinction between the upper and lower surface. Foliose lichens usually grow close to the 

surface of their substrate with a relatively flat thallus that typically has distinct upper and lower 

surfaces. Foliose lichens can further be divided into narrow-lobed (lobes < 3 mm) and broad-

lobed subgroups (lobes > 3mm (Nimis, 2016). Lichen growth form influences the uptake and 

retention of water, thus providing insight into the rainfall and nutrient interception in the forest 

(Asplund and Wardle, 2017).  For example, long, thin forms are typically very efficient at 

using high air humidity but have little ability to retain it, whereas more compact forms need 

more time to hydrate with air humidity but retain water longer (Asplund and Wardle, 2017; 

Esseen et al. 2015; Gauslaa, 2014).  

The three reproductive modes I focused on in this study are: ascospores, soredia, and isidia. 

Ascospores are for sexual reproduction and housed in apothecia, which are disk or cup-like 

fruiting bodies produced by the mycobiont (Brodo et al., 2001). Lichens also reproduce 

vegetatively via isidia (cylindrical outgrowths of the thallus with a cortex) and soredia 

(“powdery” granules not attached to the thallus and lacking a cortex). While they differ 

structurally, these propagules are both composed of cells of both the mycobiont and photobiont 

that break off easily from the thallus. The dominant mode of reproduction in an environment 

may give a clue as to the level of stress a lichen faces in its environment. For example, lichens 

in polar and alpine regions typically reproduce more commonly via ascospores (Ellis et al. 

2011), potentially reflecting selection for sexual reproduction and long-distance dispersal in 

more extreme environments (Seymour et al. 2005).  

Lichen secondary metabolites are chemical by-products of the fungal component that do not 

play a direct role in metabolism (Nash, 2008). These substances are mostly unique to lichens 

and are deposited on the hyphae (Molnar and Farkas, 2010; Nash, 2008). Secondary 

metabolites are of interest in this study because they are thought to protect the lichen from 

stressors. Their location—on the thallus (upper surfaces) or the medulla (below the upper 

surface) —may indicate a distinct purpose. For example, light-adsorbing compounds are 

typically in the upper cortex and thallus, which likely function as a “screen,” to protect algae 
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from excessive light (Solhaug et al. 2009; Solhaug and Gauslaa, 2012). In contrast, those found 

in the medulla (below the cortex) may function more as defense against herbivory (Solhaug et 

al. 2009; Solhaug and Gauslaa, 2012).  The prevalence of certain secondary metabolites may 

inform us about the degree of light or herbivory stress in the environment, as organisms tend 

to invest more in protection when growing in high-stress environments (Coley, 1988).  

All the lichens in this study have a green alga photobiont (“chlorolichens”) and rarely a green 

alga and a cyanobacterium (“cephalolichens”). Lichens containing a green alga photobiont are 

efficient at using water vapor from the air and may activate photosynthesis during periods of 

high relative air humidity (Lange et al. 1986; Phinney et al. 2019). Studies have shown that 

lichens that have a green alga photobiont are associated with different environmental 

conditions than those with only a cyanobacterium photobiont (Marini and Nascimbene, 2011). 

Therefore, photobiont type can potentially inform us about humidity conditions in the 

environment. However, little is known if the different types of green algae (e.g., Chlorococcid, 

Trebouxia) can be used to discriminate the humidity conditions in the environment.  

1.8.2 Bryophyte traits 

Moisture availability is likely a strong driver of the bryophyte functional patterns as they are 

highly dependent on external water transport for photosynthesis, sexual reproduction, growth, 

and recovery from desiccation (Greene and Lange, 1995; Henriques et al. 2017; Proctor, 2000). 

The traits described in the following paragraphs are thought to be related to water availability 

in an environment. 

Bryophytes reproduce both sexually (via spores) and asexually (via caducous organs, 

specialized propagules, and cloning). Liquid water is critical for successful sexual reproduction 

(Vanderpoorten and Goffinet, 2009). The eggs and sperm are produced in separate structures, 

and the sperm must swim through the water film on the surface of the plant to reach the eggs. 
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Some studies indicate that only about half of bryophyte species regularly form spores (Longton 

and Miles, 1982), whereas asexual reproduction is common among bryophytes, and for some 

species, it is their dominant form of reproduction (Frey and Kurscher, 2010).  

Bryophyte life form refers to the arrangement of leaves of the gametophyte to attain maximum 

water retention and light (Bates, 1998). As bryophytes are dependent on humid conditions, the 

packing together of shoots helps prevent water loss in drier areas (Proctor, 1982). Dense 

cushions tend to dominate in dry, open conditions because they retain water in capillary spaces 

and are enveloped in a boundary layer, which helps prevents evaporative water loss (Bates, 

1989). Smooth mats are associated with dry and shady conditions, likely due to their creeping 

form that maximizes either capillary moisture entrapment or water conduction from their 

substratum (Bates, 1989). In contrast, more open forms, such as fans, are restricted to very 

moist habitats where they can retain moisture for a longer period (Birse, 1958, Dilks and 

Proctor, 1979). Finally, rough mats are somewhat of an intermediate between the more dense 

and open forms and are found at moderate levels of light and moisture (Bates, 1989). 

Although not a “trait”, I included bryophyte group (moss or liverwort) in this study because 

liverworts mostly lack water-conducting tissues (Ligrone et al. 2000) and are more strongly 

associated with wet habitats than mosses (Glime, 2007). 

1.8.3 Functional composition of arboreal cryptogams along environmental gradients 

There are fewer studies of functional patterns of cryptogams along elevation and lateral 

gradients as compared to taxonomic patterns, but these and other studies suggest that the traits 

described in the preceding paragraphs vary along environmental gradients. For example, 

studies indicate that cryptogram functional traits do change along elevation gradients (Asplund 

et al. 2021; Bässler et al. 2015; DiNuzzo et al. 2021; Henriques et al. 2017b; Rapai et al. 2012). 

I am unaware of studies addressing cryptogam functional traits along lateral gradients of tree 
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boles, but studies of functional traits at smaller scales suggest they respond to microclimatic 

gradients (Coyle, 2016; Souza et al. 2020). The field of cryptogam functional ecology holds 

promise, but further studies are needed to confirm patterns.  

1.9 Lichen transplant studies of niche and dispersal limitations 

Most experimental evidence suggests that lichen establishment in suitable microsites may be 

dispersal limited. Keon and Muir (2002) placed mature thalli transplants of Usnea longisissima 

in sites of variable suitability predicted by a model based on the species natural presence or 

absence. Their results showed that transplanted thalli and shoot growth were higher in stands 

predicted to be less suitable, suggesting that absence from these sites is due to dispersal 

limitation. Sillett and McCune (1998) demonstrated that growth rates and adult thallus health 

for Lobaria oregana and Pseudocyphellaria rainierensis were similar across different-aged 

forest stands (young, mature, and old growth). Given the infrequent occurrence of L. oregana 

in young forest stands (Neitlich and McCune, 1997), the authors suggest that this species may 

be dispersal limited. Sillett et al. (2000) transplanted diaspores of L. oregana in comparable 

microhabitats in young and old growth stands, showing that growth and establishment of 

lichens in the young stands was comparable to the older forest, again suggesting a dispersal-

limited distribution. A dispersal limitation was also suggested by two similar transplant studies 

for Lobaria and Platismatia (Hilmo and Sastad 2001, Hilmo et al 2011).  

Taken together these studies suggest that certain species of lichens may be dispersal limited. 

However, these studies specifically targeted species associated with old-growth forests. To the 

best of my knowledge, no transplant studies have addressed niche or dispersal limitations for 

lichens having a distinctive elevation distribution. 
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1.10 Research objectives and study overview 

As mentioned at the start of the Introduction, two main questions guide this research: (i) What 

patterns and processes are involved in community assembly along elevation gradients? (ii) 

How do environmental factors and dispersal limitation determine the limits of species 

distributions/ranges?  

The species of interest in this study were arboreal macrolichens and bryophytes that grow at 

least 1 m above ground level on the boles of sugar maple (Acer saccharum) and balsam fir 

(Abies balsamea) trees along an elevation gradient in Parc national du Mont-Mégantic in 

Québec, Canada. My main objective was to answer fundamental community ecology questions 

about the diversity and distribution patterns of these organisms. This study was the first 

comprehensive community ecology study of arboreal macrolichens and bryophytes at Parc 

national du Mont-Mégantic.  

Arboreal lichens and bryophytes are ideal organisms for ecological studies of diversity and 

distribution. Their habitat (tree boles) offers discrete unambiguous spatial units for studies of 

diversity and composition with unusually high replication. Second, cryptogams have unique 

physiologies, which suggest that their diversity and distribution patterns may respond different 

to environmental gradients than other taxa. Thirdly, they remain understudied compared to 

vascular plants and animals, yet as autotrophs they are also important contributors to ecosystem 

function as they play a critical role in water relations, nutrient cycling, and as food and shelter 

for animals (Boucher and Nash, 1990; Nadkarni, 1984; Rhoades, 1995).  

Following this general introduction, my thesis begins with a study that quantifies the 

taxonomic and functional patterns of arboreal bryophyte and macrolichen communities (i) 

along an elevation gradient associated with macroclimatic changes in temperature and air 

relative humidity, and (ii) along the lateral tree bole gradients associated with microclimatic 

changes in bark surface temperature and moisture content (Chapters 2 and 3), with the 
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objective of better understanding how cryptogams respond to macro and microclimatic 

gradients. Predictions are based on hypotheses of deterministic vs. stochastic determinants of 

community assembly. For these chapters, I conducted inventories of lichens and bryophytes 

on the boles of sugar maple and balsam fir trees along an elevation gradient at Parc national 

du Mont-Mégantic. In Chapter 4, I take an experimental approach to address whether the high 

elevation distribution of the Ghost Antler Lichen (Pseudevernia cladonia) is determined by 

niche or dispersal limitations. For this chapter, I conducted a transplant experiment, moving 

individuals of the Ghost Antler Lichen into sites within its distribution, at the edge, and beyond 

its distribution. Lastly in Chapter 5, I report on some rare and interesting species observed 

during this study. 



 

CHAPTER 2 

DIVERSITY AND ASSEMBLY OF LICHENS AND BRYOPHYTES ON TREE 

TRUNKS ALONG A TEMPERATE TO BOREAL ELEVATION GRADIENT 

2.1 Description de l’article et contribution 

Un sujet largement étudié en écologie des communautés consiste à comprendre le degré 

d'influence de l'environnement ou de la stochasticité sur les patrons de diversité et de 

composition des espèces. Selon la théorie de l'assemblage communautaire, les filtres 

environnementaux sont plus forts dans les environnements considérés comme "difficiles" pour 

un groupe particulier d'organismes, tels que ceux avec un taux élevé de perturbations, et 

sélectionnent les espèces relativement peu nombreuses qui tolèrent ces conditions, résultant en 

une diversité plus faible et en moins grande différence de composition entre des sites similaires. 

En revanche, dans les environnements moins difficiles, les processus stochastiques ont une 

plus grande influence, ce qui entraîne une plus grande diversité et davantage de différences de 

composition entre des sites similaires. 

La question principale de ce chapitre est la suivante : comment les patrons de diversité et de 

composition des lichens et des bryophytes arboricoles varient-ils le long des gradients 

d'altitude et latéraux au Parc National du Mont-Mégantic. Nos prédictions sont basées sur les 

physiologies contrastées entre les taxons : les lichens sont plus sensibles à l'humidité relative 

de l'air et à la température, alors que les bryophytes sont plus sensibles à l'eau liquide. 

Nos résultats soutiennent les théories prédisant une plus grande diversité alpha dans les 

environnements plus favorables, mais le soutien était faible pour la prédiction d'une plus 

grande diversité bêta dans les environnements plus favorables. Dans l'ensemble, les prédicteurs 

importants de la diversité des cryptogames arboricoles varient davantage entre les espèces 

d'arbres hôtes (érable ou sapin) que les taxons focaux (lichens ou bryophytes), avec des patrons 
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probablement liés aux différents effets de l'eau, de la température et de la compétition entre les 

taxons. 

J'ai construit ce projet avec Mark Vellend et R. Troy McMullin. J'ai collecté les données et 

identifié les lichens et les bryophytes avec R. Troy McMullin et Jennifer Doubt. Les analyses 

ont été conduites avec l’aide de François Rousseu et Mark Vellend. J’ai rédigé le manuscrit 

conjointement avec Mark Vellend et commenté par R. Troy McMullin et François Rousseu. 

Cet article est actuellement en révision pour resoumission à la revue scientifique Oecologia. 

2.1.1 Diversity and assembly of lichens and bryophytes on tree trunks along a temperate to 

boreal elevation gradient 

Christina L. Rinas1, R. Troy McMullin2, François Rousseu1, Mark Vellend1  

1 Département de Biologie, Université de Sherbrooke, Canada  

2 Research and Collections, Canadian Museum of Nature, Canada 

 

Declaration of authorship: CR, MV and TM conceived the ideas and designed methodology; 

CR collected the data; CR and TM identified the specimens; CR, MV, and FR analyzed the 

data; CR and MV led the writing of the manuscript with critical inputs from TM and FR. 

Keywords: Lichen ecology, bryophyte ecology, alpha diversity, beta diversity, elevation 

gradients 

2.1.2 Abstract 

Aim: Based on hypotheses related to environmental filtering vs. stochastic community 

assembly, we tested taxon-specific predictions regarding the relationships of alpha diversity, 
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beta diversity and species composition of arboreal macrolichens and bryophytes with elevation 

and the lateral gradient on tree boles (related to aspect and trunk inclination). 

Location: Mont-Mégantic National Park, Québec, Canada 

Taxon: Arboreal macrolichens and bryophytes  

Methods: Along an elevation gradient, we inventoried lichens and bryophytes on the boles of 

sugar maple (Acer saccharum) and lichens on balsam fir (Abies balsamea). We used linear 

mixed models, canonical correspondence analysis, and a test of multivariate homogeneity of 

group dispersions to assess alpha diversity, composition, and beta diversity among different 

altitudes and among the different sides of the tree bole. 

Results: For lichens on firs, increasing elevation was associated with increasing alpha 

diversity, and a marked shift in community composition, at the scale of whole trees. In contrast, 

for bryophytes on maples, tree inclination and the lateral gradient had the strongest effects: 

more inclined trees had greater whole-tree alpha diversity and stronger within tree contrasts in 

composition between the upper and lower bole surfaces. For lichens on maples, whole-tree 

alpha diversity showed a weak, negative relationship with inclination, and beta diversity 

increased slightly with elevation. 

Main conclusions: Our results are consistent with theories predicting greater alpha diversity 

in more favorable environments (for lichens: high elevation with high relative air humidity and 

lower temperatures; for bryophytes: upper sides of tree boles with liquid water available), but 

support was weak for the prediction of greater beta diversity in more favorable environments. 

Overall, the important predictors of arboreal cryptogam diversity varied more among the 

species of tree host (maple vs. fir) than focal taxa (lichens vs. bryophytes), with patterns likely 

related to different effects of water, temperature, and competition between taxa. 
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2.1.3 Introduction 

In community ecology, the degree to which deterministic or stochastic processes dominate 

assembly from the species pool is expected to have predictable consequences for patterns of 

species diversity and composition (Mittelbach & McGill, 2019; Vellend, 2016). In 

environments considered “challenging” for a particular group of organisms, such as ones with 

low productivity or a high rate of disturbance, deterministic environmental filters are expected 

to select for the relatively few species that tolerate these conditions (Chase, 2003; Whittaker 

1960). Therefore, in challenging environments, one would expect to see low diversity within 

sites (alpha diversity) and minimal differences in composition among sites (i.e., low beta 

diversity) (Chase, 2003, 2010; Whittaker, 1960). In contrast, in less challenging environments, 

more species are likely to be able to colonize a given site, and different community trajectories, 

depending on stochastic differences in colonization history, are expected to increase alpha and 

beta diversity among environmentally similar sites (Chase, 2010). 

For autotrophic organisms, most studies examining community patterns along environmental 

gradients are of vascular plants (Van der Maarel & Franklin, 2012; Vellend et al. 2017). 

Whittaker (1960) mentions the tendency to find greater alpha diversity of vascular plants in 

more “favorable” conditions, e.g., warm and moist, and lower alpha diversity in “unfavorable” 

conditions, e.g., cold, arid, saline, or nutrient-poor. Harrison et al. (2011) re-analyzed 

Whittaker’s dataset of vascular plants to quantitatively show that “structured” beta diversity 

(e.g., compositional turnover along one gradient) was higher in more productive (e.g., less 

stressful) areas. Although patterns of species diversity along environmental gradients are 

highly variable (Scheiner & Willig 2005), vascular plant biodiversity is often highest under 

warm and humid conditions (Vellend et al. 2017).  

Lichens and bryophytes (collectively “cryptogams”) are studied less frequently, despite 

playing major roles in ecosystem functioning, such as water and nutrient cycling, and as food 

and shelter for animals (Sillett & Antoine, 2004). Lichens are an association between a fungus 



 34 

or fungi and an algal or cyanobacterial photobiont (Brodo et al. 2001); bryophytes are small 

spore-producing plants (Buck et. al, 2009; Crandall-Stotler et al. 2009).  Both taxa are 

poikilohydric, with little ability to regulate water internally; thus, their water status varies with 

surrounding environmental conditions (Proctor, 2000; Nash, 2008). Cryptogams are 

nonetheless desiccation-tolerant, able to dry to equilibrium with air humidity and then resume 

metabolic activity after rehydration (Proctor, 2000; Nash, 2008).  

Lichens and bryophytes also have important differences. First, many species of lichens can 

obtain moisture from water vapor during periods of high relative air humidity (Lange et al. 

1986; Lange et al. 1988; Phinney et al. 2019). In contrast, most bryophytes are reliant on liquid 

water (Proctor, 2000; Proctor 2007), mostly from rainfall (Proctor, 2000), but also from dew 

(Csintalan et al. 1999), or cloud droplets (Leon-Vargas et al. 2006). Second, for lichens, 

oversaturation with water can limit photosynthesis via limited CO2 diffusion (Lange et al. 

1993; Lange et al. 2001), whereas most bryophytes can thrive under continuously wet 

conditions (Proctor, 2000). Finally, net photosynthesis is positive at a lower and narrower 

range of temperatures for lichens (Palmqvist, 2008) than for bryophytes (Furness & Grime, 

1982; Loesch et al. 1983; Liu et al. 2001). As such, theory predicts different diversity patterns 

along environmental gradients for arboreal bryophytes and lichens, with bryophyte diversity 

more sensitive to liquid water availability, and lichen diversity more sensitive to air humidity 

and temperature.   

Elevation gradients offer powerful “natural experiments” for testing ecological responses of 

organisms to environmental conditions (Körner, 2007). The most notable environmental 

correlate of elevation is climate (McCain & Grytnes, 2010); consistent with theory, alpha 

diversity of several taxa often declines under the challenging climatic conditions at the highest 

elevations (McCain & Grytnes, 2010), as at our field site for vascular plants (Becker-Scarpitta 

et al. 2020; Savage & Vellend, 2015).  Elevation gradients of lichen alpha diversity vary among 

substrate(s) and regions. For arboreal and/or corticolous lichens in temperate and boreal 

regions, alpha diversity appears to increase with elevation (Cobanaglu & Sevgi 2009; Bässler 
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et al. 2015; Nascimbene & Marini, 2015; Boch et al. 2019; Belguidoum et al. 2021), while 

some lichen studies on multiple substrates report mid-elevation peaks (Negi & Upreti, 2000; 

Pinokiyo et al. 2008; Rapai et al. 2012). Lichen species composition varies with elevation, 

although we are aware of only a few studies that assess how beta diversity within a given 

elevation band varies across the elevation gradient. For arboreal and/or corticolous bryophytes, 

alpha diversity is highest at mid-elevations (Wolf, 1993; Ah-Peng et al., 2012; Spitale, 2016; 

Boch et al., 2019; Marline et al. 2020) or low elevations (Mucina et al. 2000). For bryophytes 

on non-arboreal substrates, alpha diversity may increase with elevation (Lee & La Roi, 1979a; 

Grau et al. 2007; Stehn et al. 2010) or show no relationship (Slack, 1977; Grytnes et al. 2006). 

In our study area, alpha and beta diversity of terricolous bryophytes did not relate to elevation 

(Becker-Scarpitta & Vellend, 2020). Rather, microclimatic patterns of moisture availability 

may better explain their diversity patterns (Lee & La Roi, 1979b; Grytnes et al. 2006).  

Patterns in arboreal lichen and bryophyte communities can also vary within individual host 

trees, due to “lateral” gradients around the tree bole (Ellis, 2012). As one moves horizontally 

around a tree trunk, moisture and surface temperature change due to the influence of aspect or 

tree inclination. Lateral gradients present an opportunity for far greater replication than for 

other commonly studied gradients (e.g., elevation or latitude).  In our study area, Parc national 

du Mont-Mégantic, Québec, Canada, deciduous and coniferous trees present different lateral 

gradients. Many deciduous trees have leaning boles and the angle of inclination influences 

microclimatic contrasts, typically resulting in an upper side that receives more moisture via 

precipitation interception (Merrifield, 2000) and stem flow (Ryan, 1991) than the lower, drier 

side (Fig. 1). Several studies suggest that stronger competitors dominate the upper (wetter) side 

of the trunk (Barkman, 1958) - in most cases faster growing and taller bryophytes - whereas 

lichens appear better able to withstand the lower, drier sides of the tree bole (Pike et al. 1975; 

Kenkel & Bradford; 1986; Kuusinen, 1994; McCune et al. 2000). In contrast, conifers grow 

mostly straight in our study area, and their architecture tends to channel water away from the 

trunk and inner canopy (Barkman, 1958; Beier et al. 1993). Thus, aspect is likely a greater 

influence on the microclimate of the lateral gradient (Fig. 2.1). Some studies suggest that aspect  
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Figure 2.1 Gradients and communities at Mont-Mégantic.  

(a) The elevation gradient, divided into maple transects (low elevation to mid-

elevation transition zone) and fir transects (mid elevation transition zone – high 

elevation coniferous forests). Three communities were studied: (i) lichens and 

(ii) bryophytes on maple trees and (iii) lichens on fir trees. Panels (b) and (c) 

show the lateral gradients of (b) firs (west, south, east, and north (not pictured)) 

and (c) maples (upper, intermediate 1, intermediate 2 (not pictured) and lower). 

The photo in (a) was taken in autumn, when sugar maple leaves turn orange and 

red.  
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Table 2.1 Summary of hypotheses, predictions, and results 

 

Community 
Unit of 

observation  
Prediction Results 

Lichens on firs Tree 
Elevation is a strong predictor of alpha diversity 

(positive relationship) and composition 
Supported 

 Tree Elevation has a positive effect on beta diversity Not supported 

 Side 

Trunk aspect influences composition and alpha 

diversity (greater on northern than southern 

side) 

Not supported 

Lichens on 

maples 
Tree 

Elevation is a strong predictor of alpha diversity 

(positive relationship) and composition 

Partially supported: Weak 

effect of elevation on 

composition; alpha diversity 

predicted by inclination rather 

than elevation. 

 Tree Elevation has a positive effect on beta diversity Supported: Weak effect 

 



 38 

Table 2.1 continued 

 Side 

Lateral position influences composition and 

alpha diversity (greater on the lower than on the 

upper side) 

Partially supported: No 

effect on composition, but 

alpha diversity greater on 

lower side 

 Side 
Beta diversity (among trees) is greater on the lower 

sides than the upper sides 
Not supported 

Bryophytes on 

maples 
 

Inclination is a stronger predictor of alpha 

diversity (positive relationship) and 

composition.  

Partially supported: Support 

for alpha diversity; 

composition influenced by 

both inclination and elevation 

  Elevation is not related to beta diversity Supported 

  

Lateral position influences composition and 

alpha diversity (greater on the upper than lower 

side) 

Supported 

  
Beta diversity (among trees) is greater when 

comparing lower sides than upper sides 
Not Supported 
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plays a role in influencing lichen communities (very few bryophytes grow on the conifers at 

our site), specifically with greater frequencies, diversity, or cover of arboreal species on the 

north side (Gough, 1975; Lange et al. 1980; Yarraton, 1972).  

In this study, one of the few to examine diversity patterns in both lichens and bryophytes along 

multiple gradients, we report patterns of alpha diversity, beta diversity, and composition of 

three arboreal communities (lichens on maples, bryophytes on maples, and lichens on firs) 

along elevation and lateral gradients at Parc National du Mont-Mégantic. Our predictions are 

based on the hypotheses that benign conditions favor alpha and beta diversity (Chase 2003, 

2010; Whittaker, 1960) and the contrasts between taxa (as described above): lichens are more 

sensitive to relative air humidity and temperature, whereas bryophytes are more sensitive to 

liquid moisture. We predicted that: (i) for lichens on both maples and firs, elevation is a 

stronger predictor of diversity and composition than tree bole inclination. We expected both 

whole-tree alpha and beta diversity to increase with elevation. Within trees, we expected lichen 

alpha diversity on firs to be greater on the cooler, north side of boles, and on maples to be 

greater on the lower side of inclined boles. (ii) For bryophytes on maples, tree bole inclination 

is a stronger predictor than elevation of diversity and composition. We expected whole-tree 

alpha diversity to increase with inclination, and we did not expect any relationship between 

beta diversity and elevation. Within trees, we expected alpha diversity of bryophytes to be 

greater on the upper (moister) side of the bole. See also Table 2.1. 

2.1.4 Materials and Methods 

2.1.4.1 Study area overview 

We conducted this study in Parc national du Mont-Mégantic, a 54.9 km2-protected area in 

southeastern Québec. The park is located within the Northern Appalachian Mountains with the 

highest summit at 1105 m. The climate is northern temperate (PNdMM, 2007). At a nearby 



 40 

weather station in Notre Dame des Bois (567 m), annual average temperature for 1980-2010 

was 3.9 °C, and precipitation reached up to 980 mm each year (Government du Québec, 2021). 

Natural disturbances in the park include spruce-budworm outbreaks (1974-1984), ice storm 

damage in 1998, and logging (until the 1960s). The location of our studyarea has either never 

been logged or has not been logged for more than a century (PNdMM, 2007). 

2.1.4.2 Environmental gradients and study trees  

The elevation gradient, on the eastern slope of Mont St. Joseph, traverses ~300 m in elevation 

(720 m – 1010 m) in the eastern portion of the park (Fig 2.1). Precipitation increases and 

temperature decreases along the gradient (PNdMM, 2007). We studied arboreal macrolichens 

and bryophytes (those occurring at least one meter above ground level) on the two dominant 

tree species in the park: sugar maple (Acer saccharum) and balsam fir (Abies balsamea). Sugar 

maple occurs over roughly the lower half of the gradient (~720-825 m), where it is the 

dominant species. Balsam fir extends from the deciduous-coniferous transition zone up to the 

summit (~825-1010 m), dominating forests characterized by mixed stands of hardwoods, firs, 

and spruce. We analyzed data for three different communities (i) bryophytes on sugar maples 

(ii) lichens on sugar maples and (iii) lichens on balsam fir trees. There are too few bryophytes 

on firs to include them as a distinct community. Focal sugar maples were located along two 

transects (three sites per transect), between the low elevation maple forest and the maple-fir 

transition zone. We also chose focal fir trees along two transects (three sites per transect), 

between the maple-fir transition zone (the uppermost maple plot) and the high elevation 

coniferous forest. 

Within each site, we randomly selected six healthy trees of a given species along a 50-m line. 

The trees we selected represented three diameter-at-breast-height size classes relatively evenly 

for maples (20-35 cm; 35-50 cm; ≥ 50 cm) and two size classes for balsam fir (20-35 cm; 35-

50 cm).  In total, we surveyed 72 trees (36 maples and 36 firs).  
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We defined contrasts along the lateral gradient differently for maples and firs, in all cases 

focusing on four different sides of a tree. On maples, which were often distinctly inclined, we 

defined the lateral gradient with reference to the incline: the upper side, lower side and two 

intermediates (Fig. 2.1). The inclination of the maple tree boles did not always follow the hill 

slope (e.g., west was not always the upper side of the tree bole.). On firs, which are not 

noticeably inclined in our study area, we defined the lateral gradient with reference to aspects: 

the cardinal directions north, east, south, and west (Fig. 2.1).  

2.1.4.3 Lichen and bryophyte surveys and identification 

We conducted field surveys from 25 June to 05 August 2018. We inventoried arboreal 

macrolichen and bryophyte communities on each of four sides of each tree using a 10 cm × 50 

cm sampling grid (based on Asta, 2002) subdivided into 10 sub-quadrants of 5 × 10 cm, with 

the lower side 1 m from the ground. We recorded the frequency of each taxon as the number 

of subquadrants where it was present. 

We identified macrolichens and bryophytes in the field when possible and otherwise in the 

lichenology laboratory at the Canadian Museum of Nature (Gatineau, Québec) and at the 

University of Sherbrooke. We did not include crustose species (microlichens) or 

undevelopedlichens and bryophytes we could not accurately identify to species, such as those 

lacking identifiable features such as soredia, isidia, sporophytes, or unique morphological 

features. (See Appendix A-S1 for a list of species identified during the study and Appendix A-

S2 for the detailed methodology for identifying Usnea chemical groups.)  

2.1.4.4 Environmental variables 

Our community analyses focused on the effects of elevation and tree inclination.  We extracted 

the elevation of each tree from a digital elevation model using the GPS coordinates for each 

tree.  For maples, we recorded the inclination of the tree bole and direction of the lean using a 



 42 

clinometer.  To better understand potentially important environmental correlates of elevation 

and inclination, we also measured several environmental variables known to affect lichens and 

bryophytes (Green & Lange, 1995; Green et al. 2011; Hauck, 2011). Because microsite 

conditions (e.g., on a particular side of a tree) can deviate substantially from regional averages 

(Maclean et al. 2021), we collected our own climate data rather than relying on data from 

weather stations or models. At the site level, we measured air temperature and relative 

humidity from 01 July 2019 to 30 June 2020 across the entire elevation gradient. Our main 

interest was to assess the relative differences between sites rather than to capture absolute 

values of long-term averages. At the tree level, we recorded bark surface temperatures (on 

multiple occasions) and moisture content (once) on each side. (See Appendix A-S3 for detailed 

methodology of environmental variables). 

2.1.4.5 Statistical analysis 

We analyzed our data at two spatial grains (units of observation): whole-tree and within-tree 

(or “side”). For whole-tree analyses, we used species frequencies across the four different sides 

of a given tree as one unit. For within-tree analyses, we used side-specific species frequencies 

(Fig. 1). For maples, we averaged the two intermediate surfaces prior to analyses (Fig. 1). 

Finally, we conducted all statistical analyses in R (v. 4.0.3; R Development Core Team, 2020). 

2.1.4.6 Alpha diversity 

To test for effects of elevation, inclination, and/or side on alpha diversity, we used linear mixed 

effects models (LMMs; lmer function in the lme4 package, v. 1.1-26; Bates et al. 2020) and 

generalized linear mixed effects models (GLMMs; package glmmTMB; v. 1.0.2.1; Brooks et 

al., 2017), then tested the significance of each predictor with an ANOVA. We used separate 

models for each tree species (lichens and bryophytes on maples in one model, and lichens on 

firs in another).  In all models, we used the Hill-number version of the Shannon diversity index 
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to represent alpha diversity, which is a transformation that ensures that when all species are 

equally abundant, the Hill number will equal the number of species (Magurran, 2004). “Site” 

was included as a random factor for whole-tree analyses and “tree” for within-tree analyses. 

We included inclination (maples only) and elevation (maples and firs) as continuous predictor 

variables. For lichens and bryophytes on maples, we included an interaction between taxon 

and elevation and taxon and inclination (whole-tree), and taxon and side (within-tree). For 

within-tree analyses, we included the categorical variable “bole aspect” for fir models and 

“bole position” for maple models. For maples, we included inclination in “dispformula” to 

capture the heteroscedasticity associated with this variable (e.g., the response variable, alpha 

diversity, is more variable relative to the mean, as inclination increases). Finally, we assessed 

pairwise comparisons using the estimated marginal means (“least-squares means”) using the 

function “emmeans” (package emmeans, ver. 1.5.3; Lenth et al. 2018). We based model 

selection on a priori models created according to our hypotheses and predictions. We always 

retained variables that were part of our hypotheses and any significant interactions, dropping 

non-significant terms for variables not part of our hypotheses.   

2.1.4.7 Composition 

To test for variation in whole-tree composition against elevation (maples and firs) and 

inclination (maples only), we used canonical correspondences analyses (CCA; package vegan, 

ver. 2.4-2; Oksanen et al. 2013). For each CCA we used the anova.cca function to perform an 

ANOVA-like permutation test, evaluating the significance of the entire model, the individual 

predictor variables (elevation and inclination as continuous variables), and each axis. To test 

the relative importance of elevation or inclination for bryophytes and lichens maples, we 

conducted three CCAs: (i) with both inclination and elevation as predictors, (ii) with elevation 

only, (iii) with inclination only. If all three models were significant, we then compared the 

explained variance of each of the single-predictor models to the model with both predictors.  



 44 

For within tree compositional variation, our predictor variable (“side”) was categorical, 

therfore we used a PERMANOVA with 999 permutations with the adonis function in the vegan 

package. We visualized our results from the compositional and beta diversity analyses using 

non-multi-dimensional scaling with the Bray-Curtis Index (NMDS).  

Given that the fir transects covered a greater elevation range than the sugar maple transects 

(see Fig. 2.2), and could thus produce a stronger elevation signal, we repeated the key diversity 

and composition analyzes for lichens on firs without the highest elevation site at >1000m.  (See 

Appendix A-S4.)  

2.1.4.8 Beta diversity 

To test for changes in beta diversity according to (i) elevation and (ii) tree side, we used the 

betadisp function with the Bray-Curtis index of compositional dissimilarity in the vegan 

package (ver. 2.4-2; Oksanen et al., 2013) and a follow-up pairwise permutation test (n = 999 

permutations). For whole-tree analyses (i.e., beta diversity represents differences between 

whole trees), “site” was our predictor variable, and we then evaluated the index of multivariate 

dispersion for each site against elevation as a categorical variable with three levels (low, mid, 

and high). For within-tree analyses (i.e., beta diversity represents tree-to-tree differences for a 

particular side), we used “side” as our predictor variable, coded as described in previous 

sections.  

2.1.4.9 Environmental variables 

We used the bark surface temperature and moisture data to test whether greater tree bole 

inclination (maples) or aspect (firs) leads to a strong contrast in temperature among the sides 

of a tree bole. We also used our air temperature and relative humidity data to test whether there 

was a difference among elevations. Finally, we tested whether the environmental contrasts 



 45 

(relating to bark surface temperature and moisture) were different between maples and firs by 

comparing the coefficient of variation for each variable. (See Appendix A-S2) 

2.1.5 Results 

2.1.5.1 General results 

Overall, we recorded 69 taxa (43 lichens and 26 bryophytes) on 72 trees (36 maples and 36 

firs; Appendix A-S1). Maples and fir trees shared six lichen taxa (Appendix A-S1). For 

bryophytes, we observed 23 mosses and three liverworts. On firs, there was an average of nine 

(SD=3.2) lichen taxa per tree. On maples, there was an average of five lichen (SD=1.9) and 

seven (SD=2.0) bryophyte taxa.  

Air temperature in all seasons decreased linearly and significantly along the elevation gradient 

(Appendix A-S3; Tables A-S3.1, A-S3.2; Fig. A-S3.1). The annual average difference in air 

temperature between the lowest and highest elevation sites was 2.1 ℃ (Table A-S3.1; Fig. A-

S3.1). Relative humidity increased with elevation for all seasons but summer (Fig. A-S3.2). 

The high elevation coniferous forest had the highest yearly average relative humidity (90%) 

and the greatest number of days with relative humidity above 82% (Table A-S3.1), the 

threshold above which lichens with a green algae photosymbiont (all lichens in our study) 

activate photosynthesis (Phinney et al., 2019).  Bole inclination significantly affected surface 

temperature and moisture contrasts on maple trees, with the upper surfaces tending to be cooler 

and moister than the other surfaces (Table A-S3.2, Fig. A-S3.3, Fig. A-S3.4). For fir trees, 

aspect significantly influenced bark surface temperature but not moisture (Table A-S3.2; Fig. 

A-S3.5). The within-tree coefficient of variation for bark moisture and temperature differed 

significantly between maples and firs (Table A-S3.2), with variation for bark moisture greater 

on maples (0.19) than on firs (0.13). (See Appendix A-S3 for more details). 
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2.1.5.2 Whole-tree alpha diversity, composition, and beta diversity  

Whole-tree alpha diversity of lichens on firs increased with elevation. For lichens and 

bryophytes on maples, alpha diversity correlated more strongly with tree-bole inclination, 

interacting with taxon than elevation, which was insignificant (Fig. 2.2a-b; Appendix A-S5). 

On maples, inclination had a negative effect on lichen alpha diversity, but a positive effect on 

bryophyte alpha diversity. The difference between tree species in terms of elevation effects on 

lichen alpha diversity (and composition) remained qualitatively the same when using a 

shortened elevation range for firs (Appendix A-S4; Fig A-S4.1). See also Table 2.1 for a 

summary of all results. 

Taken together, our canonical correspondence analyses (CCA) and non-metric 

multidimensional scaling NMDS (Fig. 2.3; Appendix A-S6) revealed significant effects of 

elevation on species composition for all three communities at the whole-tree level. For lichens 

on firs, there was an especially strong distinction between communities at the highest elevation 

and those at lower elevations (Fig. 2.3), with elevation accounting for 29% of the variance in 

species composition. For lichens on maples, the effect of elevation on composition was 

significant but weaker than those observed for lichens on firs, with this variable explaining 6% 

of the variation. Bole inclination was not a significant predictor for lichen composition on 

maples (Appendix A-S6).  For bryophyte on maples, bole inclination clearly influenced species 

composition (Fig. 2.3; Appendix A-S6) For bryophytes on maples, the variance explained by 

the inclination model (12%) was greater than for the elevation model (6.7%), indicating that 

inclination is the more important predictor (Appendix A-S6). For bryophytes, communities on 

the most inclined trees appeared especially distinct (Fig. 2.3), although we had few trees with 

extreme inclinations.  

Among the three combinations of taxon and tree species, we found a significant relationship 

between whole-tree beta diversity (differences among trees within a site) and elevation only  
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Figure 2.2 Linear mixed effects model showing relationships between (a) elevation 

and tree-level alpha diversity of lichens on firs and (b) tree bole inclination 

and alpha diversity of lichens and bryophytes on maple.  

Lines show modeled predictions with 95% confidence intervals; points 

represent alpha diversity values for each tree. We used the Hill-number version 

of the Shannon diversity index. 
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Figure 2.3 Non-metric multidimensional scaling (NMDS) analyses showing 

relationships between species composition of the three community 

components (rows) and elevation (a,c,e), and inclination (b,d, maples only).  

We generated solutions for two dimensions, except for lichens on firs for which 

convergence required three dimensions (only first two shown). 

for lichens on maples (df = 5; F = 3.0374; p = 0.02; Table A-S7.1), for which the effect was 

positive (Fig. A-S7.1). 

2.1.5.3 Within-tree alpha diversity, composition and beta diversity 

For lichens on firs, alpha diversity did not vary significantly according to bole aspect.  
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For within-tree alpha diversity on maples, there was a significant interaction between side and 

taxon (Appendix A-S5), with lichens and bryophytes displaying different alpha diversity trends 

among sides of the tree (Fig. 2.4). Lichen diversity was greatest on the lower surface of the 

bole, decreasing slightly (but not significantly) towards the upper surface (least squared means 

pairwise test upper and lower side; p = 0.3). In contrast, bryophyte diversity was greatest on 

the upper surfaces of the boles, decreasing markedly and significantly towards the lower 

surface (least squared means pairwise test upper and lower side; p = 0.004; Fig. 2.5). For 

lichens on maples, the evidence for tree-side effects on composition was weaker (p = 0.06), 

and the composition of lichens on firs did not differ significantly among the different aspects 

of the tree bole (Appendix A-S8; Fig. 2.5). Composition varied significantly among sides of 

the tree for bryophytes on maples (Table A-S7.1; Fig. A-S7.1; Fig. 2.5).  

Within-tree beta diversity did not vary significantly among sides for any of the taxon-tree 

combinations (Table A-S7.1). 

2.1.6 Discussion 

With respect to differences between tree taxa, the elevation gradient strongly influenced the 

diversity and composition of lichens on balsam fir trees, whereas the lateral gradient (tree bole 

inclination) principally influenced bryophytes and lichens on sugar maples. This difference 

appears robust to the length of the elevation gradient over which each tree species was sampled 

(see Appendix A-S4 and Fig. A-S4.1). The lichen communities on high elevation firs were 

more diverse and compositionally unique from those at lower elevations, but we did not find 

marked within-tree compositional variation. For bryophytes on maples, the upper sides of tree 

trunks had higher alpha diversity and distinct composition compared to lower sides, and 

communities on the most inclined trees were more diverse and compositionally distinct from 

those on straighter-trunked trees. For lichens on maples, whole-tree alpha diversity decreased 

with bole inclination, but composition was unaffected, and we observed no significant within-

tree changes. In the following paragraphs, we argue that the key factors underlying the 
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Figure 2.4 The relationship between side-level alpha diversity and the lateral gradient 

(upper, intermediate, and lower) for bryophytes (green) and lichens (blue) 

on maples.  

The bars represent the modeled results, and the points represent the raw data. 

The letters represent significant differences within each taxon. We used the Hill 

number version of the Shannon Diversity Index. 
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Figure 2.5  NMDS analyses showing the relationship between species composition and the lateral gradient for (a) 

bryophytes on maples, (b) lichens on maples, and c) lichens on firs.   

We generated NMDS solutions using 2 (a) and 3 (b,c) axes, respectively, to ensure convergence.
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different results for maple vs. fir are as follows: (i) The increase in relative humidity and 

decrease in temperature along the elevation gradient is important for lichens on firs, with the  

mountain top during the spring being particularly distinct, having an average relative humidity 

of  > 82%, the minimum amount needed for the lichens in our study (see below for explanation) 

(Phinney, et al., 1990); (ii) The differences in bark moisture along the lateral gradient, 

particularly on inclined trees, is most important as a direct influence on bryophytes (rather than 

lichens) on maples; (iii) Lichens on maples likely respond as much to competition from 

bryophytes as to the abiotic lateral gradient directly. 

For lichens on firs, we observed an increase in alpha diversity with elevation (Fig. 2.2a), and 

a strong effect of elevation on composition, with a clear distinction between communities at 

the highest elevation from those at lower elevations (Fig. 2.3). Although this pattern is less 

commonly observed in nature for most taxa, an increase in alpha diversity with elevation agrees 

with our predictions that higher elevations are less stressful for lichens, given an increase in 

air relative humidity, and a decrease in temperature (Appendix A-S3; Figs. A-S3.1, A-S3.2; 

Tables AS3.1, A-S3.2). This result is also in agreement with other studies of arboreal and/or 

corticolous lichens in temperate and boreal regions (Cobanaglu & Sevgi, 2009; Bässler et al., 

2015; Nascimbene & Marini, 2015; Boch et al., 2019; Belguidoum et al. 2021). In our study, 

all lichen species have a trebouxioid green-algae photobiont, and for this group, Phinney et al. 

(2019) showed that many activate photosynthesis at ~82% relative humidity. Furthermore, 

95% relative humidity is particularly important for full photosynthetic activation of alectorid 

and shrubby fruticose growth forms, which are abundant at the high elevations in our study 

area (Phinney et al. 2019). At Mont-Mégantic, average spring relative humidity was > 82%, 

and average fall relative humidity at least 95%, at only the highest elevation sampling point 

(Table A-S3.1). These results suggest that spring and fall may be important periods of growth 

for arboreal lichens, as studies indicate that lichen growth rates do vary seasonally (Benedict, 

1990). Furthermore, lichens absorb water vapor from the air when water potential is lower in 

the lichen than the air, which occurs when relative humidity is high (75-95%) and temperatures 

<20 ℃ (Palmqvist, 2008). Lower temperatures also reduce respiration rates relative to 
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photosynthesis rates (Palmqvist, 2008), such that high elevations likely provide favorable 

conditions for a greater diversity of lichens. 

One potentially important source of moisture input at high elevation - although not quantified 

in our study - comes from fog during the frequent days when clouds enshroud the mountain 

top (a “cloud cap”) down to roughly the mid-elevation deciduous-boreal transition (PNdMM, 

2007; Vellend et al. 2021). For example, certain desert arboreal lichen species maximize 

photosynthesis rates more rapidly during fog events than via high relative humidity (Jung et 

al. 2018). A second example is that lichen growth form and distribution can also be influenced 

by fog gradients (Stanton, 2015; Stanton & Horn, 2013). These studies suggest that the role of 

fog relating to lichen diversity patterns at Mont-Mégantic deserves further study. 

Our conclusion that the lateral gradient plays a smaller role in predicting lichen distributions 

on fir trees agrees with other studies of conifers in the region. The differing bark temperatures 

relating to aspect, most notably the cooler temperatures on the northern aspects, did not 

correlate with changes in diversity or composition in our study (Table A-S3.2; Fig A-S3.5; Fig 

2.5). On Whiteface Mountain in New York, the microclimate of fir and spruce boles correlated 

only weakly with epiphytic cover (Hauck et al. 2006). Finally, the water holding capacity of 

conifers seems to be limited; furthermore, differences in water holding capacity among living 

and dead spruces did not correlate with lichen diversity, as noted by Hauck et al. (2000). 

Nonetheless, in coniferous forests where the trees are more inclined, the lateral gradient may 

play a much greater role in determining diversity and composition, as found in the Pacific 

Northwestern United States (McCune et al., 2000).  

For bryophytes on maples, we observed a strong effect of inclination and the lateral gradient 

on composition and diversity of more inclined trees (Fig. 2.2b) and upper surfaces (Fig. 2.4). 

We also observed that the upper surfaces of inclined maple boles were cooler and held more 

moisture than the lower surface (Figs. S3, S4).  These results support our hypothesis that areas 

with more liquid water are more favorable to bryophytes than lichens, given their need for a 
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greater and more constant supply of liquid water for recovery from desiccation (Greene & 

Lange, 1995; Proctor, 2000). Furthermore, the lower temperatures also observed on the upper 

surfaces may indicate lower evapotranspiration (Fig. A-S3.4).  Although McGhee et al. (2019) 

did not quantify bark moisture content according to side as in our study, they did find that older 

sugar maples tended to have greater surface water availability, which correlated with 

increasing bryophyte species richness and cover. We did not quantify total bark water holding 

capacity, but our bark moisture measurements showed that variation in moisture is greater 

around the trunks of maples than firs (Table A-S3.2). 

Our results are consistent with other studies showing that bryophytes tend to dominate over 

lichens in the presence of liquid water (Pike et al. 1975; Kuusinen, 1994; Löbel et al. 2006; 

Ranius et al. 2008). Furthermore, the fact that the lateral gradient has a stronger influence on 

bryophyte composition than lichen composition is consistent with the idea that bryophytes are 

responding directly to the moisture gradient (Appendix AS-8). Lichens on maples may be 

responding largely indirectly via competition from bryophytes, which is stronger on the upper 

side of inclined tree boles. Similarly, Löbel et al. (2006) reported a negative correlation 

between lichen diversity and tree bole inclination.  Furthermore, several studies have noted the 

presence of drought tolerant (mostly crustose) lichens on the lower sides of tree boles, where 

there is less bryophyte cover (Pike et al. 1975; Kuusinen, 1994; Ranius et al., 2008). Although 

we did not include crustose lichens in our study, we did observe that they occurred commonly 

on the lower side of maple boles. The inclusion of crustose lichens in diversity studies warrants 

further attention.   

As predicted based on the hypothesis that beta diversity increases in more benign conditions 

(Chase 2003, 2010), we found an increase in beta diversity of lichens on maples with elevation. 

This weak relationship may indicate that the slightly more humid and cooler conditions at 

higher elevations create a more favorable environment for lichens on maples, potentially 

magnifying the potential for community differentiation between trees. However, we found no 

relationship between elevation and alpha diversity for lichens on maples, for which we do not 
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have a clear explanation. Even with a shortened gradient for fir trees (Appendix A-S4), we still 

see a stronger relationship between elevation, alpha diversity, and composition of lichens on 

firs (Fig. 2.2a) compared to lichens on maples (Fig. A-S4.1).   

The lack of relationship between beta diversity and elevation for lichens on firs and the lateral 

gradient for bryophytes on maples did not support our predictions. We can only speculate on 

causes, although beta diversity differences along environmental gradients can be relatively 

weak compared to alpha diversity patterns (Harrison et al., 2011; Vellend, 2016).  Perhaps the 

length of our gradient was too short to detect a clear beta diversity signal for lichens on firs. 

For bryophytes on maples, tree bark is not the main substrate in the forest, and it may act as 

strong environmental filter itself, limiting the species pool and thus potential tree-to-tree 

differentiation.  

Finally, it is important to recognize that there are other environmental factors that correlate 

with elevation, which may explain some of the results not in line with our predictions, such as 

light availability, canopy openness, and tree stand composition and continuity (Hauck, 2010). 

Canopy openness has been shown to be important for alectorid lichen abundance and could be 

factor also important in explanating the increase in fruticose lichens, especially the very thin-

bodied forms, with elevation (Goward and Campbell, 2005; Goward et al. 2022). At the tree 

level, bark pH and roughness are also important in explaining lichen communities (Wigle et 

al. 2021). These factors would be of interested to include in future studies. 

2.1.7 Conclusion 

We have shown some clear effects of elevation and tree bole inclination on diversity and 

composition of arboreal cryptogams, the presence and direction of which depend more on the 

tree species (substrate) than on the focal taxon. Elevation matters most on firs, where lichen 

alpha diversity increased markedly with elevation. The lateral gradient was more important in 
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explaining diversity on maples, with bryophytes being more responsive than lichens. 

Increasing relative humidity and cooler temperatures at high elevation appear advantageous 

for lichens on firs, while the presence of more liquid water on the upper surface of inclined 

maple trees favors bryophytes over lichens. Future studies that include specific characteristics 

of the host tree, the role of fog, and inclusion of crustose lichens, along with experimental 

manipulations of environmental conditions or individual transplants, could provide greater 

insight into the patterns of cryptogam diversity and composition.  
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Appendix A-S2: Description of thin layer chromatography methods for Usnea. 
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Appendix A-S4: Diversity and composition analyzes for lichens on firs without the highest 
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Appendix A-S6 - Results of CCA analyses predicting tree-level composition as a function of 

elevation and inclination. 

Appendix A-S7: Detailed whole tree-level and side-level beta diversity results. 

Appendix A-S8 - Results of PERMANOVA testing for differences in species composition 
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among different sides of a tree. 

NOTE: All appendices are at the end of the document



 

CHAPTER 3 

ARBOREAL BRYOPHYTE AND LICHEN FUNCTIONAL TRAITS ALONG 

ELEVATION AND LATERAL TREE-BOLE GRADIENTS 

3.1 Description de l’article et contribution 

Les scientifiques ont largement étudié les liens entre les traits fonctionnels et les gradients 

environnementaux pour les plantes vasculaires mais pour les plantes non vasculaires et les 

lichens (cryptogames), on en sait moins. Comme les cryptogames jouent un rôle important 

dans la plupart des écosystèmes terrestres, la compréhension de leurs patrons fonctionnels 

permet de savoir quelles espèces peuvent coloniser et survivre dans différents habitats.  

La question principale du chapitre 3 ressemble à celle du chapitre 2, mais dans le chapitre 3 

nous avons analysé les communautés en termes d'unités fonctionnelles (plutôt que d'unités 

taxonomiques comme dans le chapitre 2). La question principale est la suivante : comment la 

composition fonctionnelle des communautés de lichens et de bryophytes arboricoles varie-t-

elle le long des gradients d'altitude et des gradients latéraux au Parc National du Mont-

Mégantic? Comme dans le chapitre 2, nos prédictions sont basées sur les physiologies 

contrastées entre les taxons : les lichens sont plus sensibles à l'humidité relative de l'air et à la 

température, alors que les bryophytes sont plus sensibles à l'humidité liquide. 

Comme au chapitre 2, nous avons constaté que l'arbre hôte (l'érable ou le sapin) était un 

déterminant plus fort que le taxon focal (lichens ou bryophytes) de la relation entre la 

composition fonctionnelle et les gradients environnementaux. L'altitude était un prédicteur 

particulièrement fort de la composition fonctionnelle pour les lichens sur les sapins, tandis que 

l'inclinaison du tronc était le prédicteur le plus fort pour les lichens et les bryophytes sur les 

érables, mais le gradient latéral a joué un rôle plus faible que prévu. Il est important de noter 

que, bien que nous ayons observé des relations claires entre les traits fonctionnels individuels 

et les gradients environnementaux, il y avait une variation considérable en ce qui concerne le 
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gradient qui était le prédictif le plus important et la façon dont les différents traits sont liés à 

un gradient particulier.  

J'ai construit ce projet avec Mark Vellend et R. Troy McMullin. J'ai collecté ces données. R. 

Troy McMullin et Nicole Fenton m’ont conseillé sur les traits fonctionnels des lichens et des 

bryophytes. Les analyses ont été conduites avec l’aide de Ming Ni et Mark Vellend. J’ai rédigé 

le manuscrit conjointement avec Mark Vellend et commenté par R. Troy McMullin et Ming 

Ni. Cet article est actuellement en revue au American Journal of Botany. 

3.1.1 Arboreal bryophyte and lichen functional traits along elevation and lateral tree-bole 

gradients 

Christina L. Rinas1,3, R. Troy McMullin2, Ming Ni1, Mark Vellend1  

1 Département de Biologie, Université de Sherbrooke, Canada  

2 Research and Collections, Canadian Museum of Nature, Canada 

Declaration of authorship: CR, MV and TM conceived the ideas and designed methodology; 

CR collected the data; CR and TM identified the specimens and attributed traits; CR, MV, and 

MN analyzed the data; CR and MV led the writing of the manuscript with critical inputs from 

TM and MN. 

Keywords: Lichen ecology, bryophyte ecology, functional traits, elevation gradients, lateral 

gradients, arboreal cryptogams, temperate ecology, boreal ecology 
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3.1.2 Abstract 

Premise: Understanding links between functional traits and environmental conditions provides 

insight into which species can colonize and survive in different habitats. Despite their 

important role in the ecosystem, little is known about bryophyte and lichen functional patterns. 

In this study, we tested hypotheses related to functional community composition for arboreal 

bryophytes and macrolichens along two environmental gradients: elevation and the lateral 

gradient around tree boles, which are associated with macro or micro climatic changes.  

Methods: We inventoried the traits of lichens and bryophytes on sugar maple boles, and lichens 

on balsam fir boles in Parc national du Mont-Mégantic in Québec, Canada. We used 

multivariate and univariate analyses to assess functional composition differences among 

different elevations and among the different sides of the tree bole. 

Results: Elevation was a strong predictor of functional composition for lichens on firs, whereas 

bole inclination was a significant but weaker predictor of functional composition of lichens on 

maples. Bole inclination was the stronger predictor of bryophyte functional composition on 

maples, but the lateral gradient played a weaker role than expected.  

Conclusions: We found some clear relationships between individual functional traits and 

environmental gradients, but considerable variation with respect to which gradient was the 

most important predictor and how different traits relate to a particular gradient. Trait-based 

ecology appears to hold promise for lichens and bryophytes, but much uncertainty remains 

concerning the ecological significance of different traits in different environments. 
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3.1.3 Introduction 

Studies of ecological communities traditionally focused mostly on taxonomic composition and 

diversity, but increasingly, recent studies focus on functional traits (McGill et al. 2006). A 

functional trait is a property or part of an organism that influences the probability of survival 

or reproduction (Shipley, 2010). Functional traits influence species coexistence and ecosystem 

services and incorporating them into studies can yield a better mechanistic understanding of 

community assembly processes (Cadotte et al. 2011). Long-standing hypotheses assert that 

community assembly is either neutral (Hubbell, 2005), resulting in random associations 

between traits and environment, or deterministic in that environmental filters select for species 

based on their traits (Dıaz et al. 1999; Keddy, 1992; Weiher and Keddy, 1995). Given that 

environmental filters act on functional traits, understanding the relationship between the 

abiotic environment and traits provides insight into which species can colonize and survive in 

different habitats (Keddy, 1992).  

Trait-based research on autotrophs in the past focused largely on vascular plants. Many studies 

indicate that species sharing the same habitat often exhibit similar traits, such as those related 

to morphology, reproduction, or dispersal, with some studies finding (usually weak) signals 

that interspecific competition can also select for trait values that are not too similar (Weiher 

and Keddy, 2001). Far fewer studies have focused on the functional traits of bryophytes and 

lichens, despite their considerable ecological importance; for example, in sustaining humidity 

in forest canopies (Pypker et al. 2006a, 2006b), nutrient transfer (Nadkarni, 1984), and as food 

and habitat for animals (Anderson, 2006; Gerson, 1982; reviewed in Glime, 2006). Lichens 

are a symbiosis comprised of a mycobiont (fungus or fungi) in association with a photobiont 

(alga and/or cyanobacteria) (Brodo et al. 2001; Spribille et al. 2016). Bryophytes are small 

plants reproducing sexually via spores (Buck et al. 2009, Crandall et al. 2009). Both bryophytes 

and lichens are poikilohydric: they lack water-retaining structures and have little ability to 

regulate water internally, but are desiccation-tolerant (Nash, 2008; Proctor, 2000). Therefore, 

it is likely that functional composition of arboreal bryophytes and macrolichen communities, 
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which must cope with a limited duration of water availability and high exposure (Faubert, 

2013); will be associated with macro and micro climatic changes along elevation gradients and 

the lateral gradient around tree boles. 

Elevation and lateral gradients correlate strongly with moisture availability and temperature 

(McCain and Grytnes, 2010; Ellis et al. 2012), two factors physiologically important to lichens 

and bryophytes. The elevation gradient at Parc national du Mont-Mégantic in Québec, Canada 

(“Mont-Mégantic;” Fig. 3.1), resembles many humid mountains in eastern North America, 

with a transition from deciduous-dominated forests at low elevations to coniferous forest at 

high elevations (PNdMM, 2007). Along the gradient, temperatures decrease, whereas humidity 

(precipitation and relative air humidity) increases with elevation (PNdMM, 2007; Chapter 2). 

A second, less-studied gradient in the forest is the lateral gradient around a tree bole, associated 

with aspect or bole inclination (the angle at which the bole leans; reviewed in Ellis et al. 2012; 

Fig. 3.1). At Mont-Mégantic, the dominant deciduous tree (sugar maple) and coniferous tree 

(balsam fir) have different architectures, which produce microclimatic differences in 

temperature and moisture around the lateral gradient (Chapter 2). On sugar maples, tree boles 

are frequently inclined, resulting in an upper bole surface that is moister and cooler than the 

lower surface (Chapter 2) due to precipitation interception and stem flow (Ryan, 1991; 

Merrifield, 2000). In contrast, balsam fir boles grow mostly straight, with a canopy that diverts 

water away from the trunk (Barkman, 1958; Beier et al., 1993), such that aspect is likely a 

stronger influence on their arboreal communities.  

Many temperate and boreal lichens with a green algal photosymbiont are highly efficient at 

deriving their moisture requirements from the water vapor in humid air under cool conditions, 

allowing them to grow in places that may have little to no liquid water availability (reviewed 

in Gauslaa, 2014; Lange et al. 1986, 1988).  Therefore, air temperatures and relative humidity 

regimes are likely to play a strong role in their functional composition patterns, and studies 

have documented correlations in growth form relating to these climatic regimes (Bässler et al. 

2015; Gauslaa, 2014; Nascimbene et al. 2015). Other traits, such as reproductive mode or  
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Figure 3.1 Environmental gradients and cryptogam communities studied at Mont 

Mégantic.  

(a) Image of the elevation gradient. Our study included two maple transects, 

which started in the low elevation deciduous forest and ended in the mid- 

transition zone, and two fir transects, which started in the mid elevation 

transition zone and ended in the high elevation coniferous forests. Along this 

gradient, we studied three communities (i) lichens and (ii) bryophytes on maple 

trees and (iii) lichens on fir trees. (b) The lateral gradient of fir trees, which 

includes the four cardinal aspects: west, south, east and north (not pictured). (c) 

The lateral gradient of maples included four positions: upper, intermediate 1, 

intermediate 2 (not pictured) and lower.  

secondary metabolite composition may influence lichens’ ability to tolerate environmental 

stressors. Sexual reproduction may be advantageous in stressful environments (e.g., warm, and 

dry) as ascospores are retained in the thallus until conditions are favorable for germination and 

dispersal (Seymour et al. 2005; Dyer et al., 1992). The presence of certain secondary 
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metabolites that are thought to protect algae from excessive light stress or herbivory (Solhaug 

et al. 2009; Solhaug and Gauslaa, 2012). As such, changes in light availability and herbivory 

pressure along gradients may influence these traits. 

Bryophytes are dependent on external water transport (Henriques et al. 2017a), and studies 

have indicated that liquid water availability (rain, dew, or fog, depending on the ecosystem) 

influences functional composition (Henriques et al. 2017b). However, in eastern temperate 

forests, rainfall is often unpredictable (Proctor, 2000), and therefore microclimatic sources of 

water are likely important, especially for arboreal species. Liquid water availability can 

influence the success of different life forms (Bates, 1989; e.g., compact forms are favored in 

drier environments), and of sexual reproduction, as sperm requires surface water to reach eggs 

(Vanderpoorten and Goffinet, 2009). Finally, humid conditions are of particularimportance to 

liverworts (in contrast to mosses), as most lack water-conducting tissues (Ligrone et al. 2000). 

Finally, bryophytes also have an influence on humidity in arboreal environments. For example, 

thick bryophyte mats can hold considerable quantities of water, which might in turn either 

facilitate or inhibit other arboreal bryophytes and lichens (Sillett et al. 2000). 

Some studies have focused on the functional traits of bryophytes and lichens along elevation 

gradients (Asplund et al. 2021; Bässler et al. 2015; DiNuzzo et al. 2021; Henriques et al. 2017b; 

Rapai et al. 2012). However, the range of variation in temperature and moisture patterns varies 

regionally among mountains, and we still have a limited understanding of how cryptogam 

functional composition responds to these differences. In addition, while studies have shown 

that microclimatic factors influence functional composition of arboreal cryptogams (Coyle, 

2016; Souza et al. 2020); fewer studies addressing this question relating to lateral tree bole 

gradients (Wiersma & McMullin, 2018). Finally, despite the hypothesized links between traits 

and environmental conditions, it is unclear how often such links manifest in community 

patterns in the field, given the complexity of multiple environmental variables and many 

correlated traits. 



 73 

In this study, we tested hypotheses related to the presence and abundance of functional traits 

(i.e., functional composition; Diaz and Cabido, 2001) of three arboreal epiphytic communities 

(lichens on firs, lichens on maples, and bryophytes on maples) and the elevation and lateral 

gradients at Mont Mégantic. For lichens we studied growth form, reproduction, secondary 

metabolites, and photobionts. For bryophytes, we studied the traits life form, reproduction, and 

taxonomic group - liverworts or mosses. We based our predictions for overall lichen trait 

composition on maples and firs on the general hypothesis that macro-climatic changes in air 

humidity and temperature associated with the elevation gradient will more strongly influence 

lichen functional composition than microclimatic changes associated with the lateral gradient. 

Elevation involves changes from more favorable (for lichens) cooler and more humid 

conditions at high elevation to more challenging warmer and drier low elevations. We based 

our predictions for overall bryophyte trait composition on the general hypothesis that 

microclimatic changes in liquid water ability, related to tree bole inclination and the lateral 

gradient, will more strongly influence functional composition than those macroclimatic 

changes associated with the elevation gradient. Second, we made predictions for directional 

relationships for individual functional traits relating to each predictor variable (Tables 3.1 and 

3.2). For some traits – e.g., some secondary metabolites and photobionts in lichens – we did 

not have a priori hypotheses; for these we conducted exploratory analyses of relationships with 

elevation and lateral gradients.  
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Table 3.1  Hypotheses and predictions for lichen traits with an a-priori hypothesis on firs and maples.  

Lichens on firs and maples Predictor variables 

Hypothesis Prediction Trait 

Elevation 

(maples, 

firs) 

Inclination 

(maples) 

Aspect 

(firs) 

Surface 

position 

(maples) 

The persistance of 

ascospores is 

advantageous in stressful 

environments 

Ascopores will be more 

prevalent in warmer, 

drier conditions 

Ascospores 

Soredia 

Isidia 

Negative 

Positive 

Positive 

Negative 

Positive 

Positive 

No 

relationship 

Ascospores 

more 

prevalent 

on lower 

surfaces 

Secondary metabolites in 

the cortex function in 

protection from light 

Cortex secondary 

metabolites will be more 

prevalent in areas with 

higher light stress 

Cortex depsides 

Usnic acids 
Positive 

No 

relationship 

 

More 

prevalent 

on southern 

aspects 

 

No 

relationship 

Secondary metabolites 

function in herbivory 

defense 

Medulla depsidones will 

be more prevalent at 

lower elevations in the 

deciduous forest** 

Medulla 

depsidones 

Firs: 

Negative 

Maples:  

Positive 

No 

relationship 

No 

relationship 

 

No 

relationship 

Narrow, thin thalli uptake 

water quickly but lose it 

quickly 

Narrow forms will be 

more prevalent in 

humid/cooler areas  

 

Fruticose 

Narrow foliose 

Broad foliose 

 

 

Positive 

Positive 

Negative 

 

NA 

Positive 

Negative 

No 

relationship 

Narrow 

foliose 

more 

prevalent 

on upper 

surfaces 

*At Mont Mégantic light availability during the growing season increases with elevation (Ming Ni, Université de 

Sherbrooke, unpublished data).**Herbivory has been shown to decrease with elevation in deciduous forests (Galmán 

et al. 2017). 
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Table 3.2 Hypotheses and predictions for bryophyte traits on maples. 

Bryophytes on maples Predictor variables 

Hypothesis Prediction Trait Elevation Inclination Surface position 

The packing together of 

shoots can help reduce 

surface water loss. 

Compact/small forms 

will be more prevalent in 

drier areas 

Cushion 

Fan 

Rough mat 

Smooth mat 

Tuft 

Negative 

Positive 

Positive 

Negative 

Positive 

Negative 

Positive 

Positive 

Negative 

Positive 

Cushion and smooth 

mat greater on lower 

surfaces 

Most liverworts lack 

water-conducting tissues 

Will be more prevalent 

in humid areas 
Liverwort Positive 

 

Positive 

 

More prevalent on 

upper surfaces 

Surface water is 

necessary for sexual 

reproduction 

Sexual reproduction will 

be more prevalent in 

humid areas 

Sexual 

reproduction 
Positive Positive 

More prevalent on 

upper surfaces 
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3.1.4 Materials and methods 

3.1.4.1  Study area overview 

Our study area was located in Parc national du Mont-Mégantic, a 54.9-km2 protected area in 

southeastern Québec, Canada. The park is at the northern edge of the Appalachian Mountains 

and has a northern temperate climate (PNdMM, 2007). Historical natural disturbances include 

spruce-budworm outbreaks (1974 – 1984) and ice storm damage (1998) (PNdMM, 2007). 

Logging took place in the park prior to its protected status, with the last extensive logging in 

the 1960s. At the specific location of our study, no logging has occurred in over 100 years, 

with some sections likely never logged.  

3.1.4.2 Focal species and communities 

We studied arboreal bryophytes (mosses and liverworts) and macrolichens growing at least 

one meter above the ground on the boles of sugar maple (Acer saccharum) and balsam fir 

(Abies balsamea) trees. We analyzed our data as three “communities”: (i) bryophytes on sugar 

maples, (ii) lichens on sugar maples, and (iii) lichens on balsam fir trees. We did not include 

bryophytes on firs as a distinct community because of extremely low abundance (on average 

one species per tree).  

3.1.4.3 Elevation gradient  

Study plots were located on two elevation transects on the eastern slope of Mont St. Joseph (c. 

720 m -1010 m a.s.l.). Lower elevation forests (c. 725-830 m) are deciduous, dominated by 

sugar maple, and the higher elevation forests (c. 830-1010 m) are coniferous, dominated by 

balsam fir. Precipitation and humidity increase, while temperatures decrease by ~2 °C between 

the lowest and highest elevations (PNdMM, 2007; Chapter 1). 
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3.1.4.4 Lateral gradients 

We defined sides on the lateral gradient for maples by the three levels related to the inclination 

of the tree bole which we refer to as surface position (upper, lower, and the average of the two 

intermediate sides) (Fig. 3.1). We defined sides on the lateral gradient for firs, which are not 

inclined, by the four cardinal aspects (N, S, E and W) (Fig. 3.1). 

3.1.4.5 Study design  

The study location, design, and field data are described in Chapters 1 and 2; we provide brief 

descriptions of the key details here. We conducted surveys of arboreal cryptogams at five sites 

along each of the elevation transects. At each site, we selected six live, healthy trees of a given 

species along a 50-m line. We selected and surveyed maples along the two transects at three 

sites (low decidous forest, mid decidous forest, and the deciduous-coniferous transition). We 

surveyed firs along the same two transects and three sites, but starting in the deciduous-

coniferous transition zone, and continued to sites at the mid-elevation coniferous forest and the 

high elevation forests (Fig. 3.1). We selected trees to represent the following diameter at breast 

height (DBH) categories evenly at each site: (i) 20-35 cm (ii) 35-50 cm, and (iii) ≥ 50 cm for 

maples and (i) 20-35 cm and (ii) 35-50 cm for firs. Overall, we surveyed 36 maples and 36 firs. 

On each of the four sides of a tree bole, we recorded arboreal macrolichens and bryophytes 

using a 50 cm × 10 cm sampling grid (based on Asta, 2002) subdivided into 10 sub-quadrants 

of 5 × 10 cm. The lower side of the grid was 1 m above the ground. We defined the frequency 

of each taxon as the number of subquadrants in which it occurred. 
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3.1.4.6 Species identification, traits, and environmental variables 

We identified macrolichens and bryophytes in the field, in the lichenology laboratory at the 

Canadian Museum of Nature, and at the University of Sherbrooke. On some trees, we 

encountered underdeveloped lichens and bryophytes, which did not possess critical diagnostic 

features such as unique reproductive and morphological structures. Since accurate 

identification was impossible, we did not include them in the study. Appendix A-S2 (from 

Appendix A; Chapter 1 supplementary information) describes our method for separating Usnea 

lichens into chemical groups. 

Original to this paper, we compiled data on categorical traits for all bryophyte and lichen 

species using the literature and expert knowledge for our specific region. We provide 

descriptions of all traits in Appendix B-S1, and the traits (with references) attributed to each 

species in Appendix B-S2 (lichens) and Appendix B-S3 (bryophytes). For bryophytes, we 

assessed two main traits: primary reproductive mode (sexual or asexual) and life form 

(cushion, fan, rough mat, smooth mat, tuft, as defined in Henriques et al. 2017a). We also 

included taxonomic group (moss or liverwort) as a “trait”, as liverworts are strongly associated 

with humid conditions (Ligrone, 2000; Glime, 2007). For lichens, we assessed primary 

reproductive mode (ascospores, soredia, and isidia), growth form (narrow-lobed foliose, broad-

lobed foliose and fruticose; as defined in Nimis, 2016), and secondary metabolites (cortical 

depsides, usnic acid, medulla depsidones and the presence anywhere in the lichen of the 

following: aliphatics, bisanthraquinones, bisxanthones, triterpenoids). For lichens only, we 

also analyzed photobiont type (Asterochloris, Chlorococcoid, Myrmecia, and Trebouxia); for 

almost all lichens on maples, Trebouxia was the photobiont, with only trace occurrences of 

other types.  

Our analyses focused on the effects of elevation and the lateral gradient. We derived the 

elevation of each maple and fir tree from a digital elevation model using their GPS coordinates. 
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For maples, we measured the bole inclination of the tree bole and direction of the lean using a 

clinometer and compass. For firs, we recorded the four cardinal aspects using a compass. 

3.1.4.7 Data analysis 

We conducted our analyses using two spatial grains: whole trees and “sides” (within trees; Fig. 

3.1). For whole tree-level analyses, we used species frequencies summed across the four sides 

of a given tree as one unit. At the side-level, we used side-specific species frequencies.  

All traits included in this study were categorical; some categories were mutually exclusive 

while others were not (see Appendix B-S1). For a given species, we first converted each 

value/level of each trait to numbers indicating absence (0) or presence (1). For example, for 

the lichen Platismatia glauca, trait values were 0 for fruticose, 1 for broad-lobed foliose, 0 for 

narrow-lobed foliose, 0 for ascospores, 1 for isidia, 1 for soredia, etc. For simplicity, we 

henceforth refer to each of these trait categories as “traits”. For use in all subsequent analyses, 

we calculated the community-weighted mean of each trait in each unit of observation (e.g., a 

tree), which is effectively the proportion of all species occurrences for which the species had 

a “1” for the trait. For example, if there were 50 total occurrences on a given tree (e.g., 10 

species with five occurrences per species, on average), and two of the species (three 

occurrences for one, two occurrences for the other = five total) had ascospores, the community 

weighted mean value for ascospores would be 5/50 = 0.1. The general equation for the 

community weighted mean (CWM) of trait i in site j across k species is as follows (with 

summations across species): 

CWMij = ∑ (abundancejk × trait_valueik) / ∑ (abundancejk)   (equation 3.1) 

 



 80 

3.1.4.8 Multivariate trait analyses  

We first tested whether overall functional composition at the whole-tree level was significantly 

related to elevation (maples and firs) and bole inclination (maples) using canonical 

correspondences analyses (CCA; package vegan, ver. 2.4-2; Oksanen et al. 2013). Input data 

were the CWM values for each trait on each tree. We performed an ANOVA-like permutation 

test using the anova.cca function to evaluate the significance of the entire model and each 

individual predictor variable. To test the relative importance of elevation and bole inclination 

in explaining functional composition for bryophytes and lichens on maples, we conducted three 

CCAs with different predictors: (i) both bole inclination and elevation, (ii) elevation only, and 

(iii) bole inclination only. When all three were significant, we compared the explained variance 

of the single-predictor models to the two-predictor model. We included all traits in the CCA 

analyses, but we show visual displays only of traits that were significant in the univariate 

models (described in the following section). 

To test whether composition varied significantly among sides within trees, the input data used 

tree sides as “observations”, a categorical variable (Fig. 3.1), and we used Permanova models 

with 999 permutations with the adonis function in the vegan package.  

3.1.4.9 Individual trait analyses 

To test for effects of elevation, bole inclination, and/or side on each trait CWM, we used 

generalized linear mixed effects models with the beta or binomial families of link functions 

(GLMMs; package glmmTMB; v. 1.0.2.1; Brooks et al., 2017). We did not analyze trait values 

with fewer than ten occurrences at the tree-level due to lack of statistical power. (These traits 

are noted in Appendix B-S2 and B-S3).  
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We created separate models for each trait in each community (bryophytes on maples, lichens 

on maples, and lichens on firs). We included “site” as a random factor for whole-tree analyses 

and “tree” for side-level analyses. We rescaled and centered continuous predictor variables 

prior to modeling to ensure model convergence. For whole-tree analyses, we included bole 

inclination (maples only) and elevation (maples and firs) as continuous predictor variables. For 

side-level analyses for lichens on firs, we included the categorical variable “bole aspect” and 

the continuous variable elevation as predictors (Fig. 3.1). For side-level analyses of lichens 

and bryophytes on maples, we included the categorical variable surface position (upper, 

intermediate, or lower; Fig. 3.1), the continuous variable bole inclination, and an interaction 

between surface position and inclination to test for different responses of each position to bole 

inclination. 

A large proportion of zero values for response variables presents a challenge to model fitting. 

We converted traits with > 60% zero values to trait presence (1) or absence (0) on each tree or 

side, and then analyzed the data using a GLMM with the binomial family. We analyzed traits 

with ≤ 60% zero values as continuous proportions using GLMMs (see Appendices B-S4 and 

B-S5) with the beta distribution. Following the recommendation of Douma and Weedon 

(2019), data were logit transformed prior to analysis.  

We evaluated the fit of each model using DHARMa, an R package for residual diagnostics of 

GLMMs (Hartig, 2016). If DHARMa identified a problem with dispersion, we then included 

the “dispformula” option for each continuous predictor to account for heteroscedasticity. We 

then used AICtab (package “bbmle,” Bolker, 2021) to select the model with the lowest AIC 

value. After identifying the best model for a given trait, we tested the significance of each 

predictor with an ANOVA. Finally, we assessed pairwise comparisons (when relevant) using 

the estimated marginal means (e.g., least-squares means) using the function “emmeans” 

(package emmeans, ver. 1.5.3; Lenth et al. 2018).  
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3.1.5 Results 

3.1.5.1 Multivariate trait relationships 

Canonical correspondence analyses (CCAs) (Figs 3.2a-c; Table 3.3) revealed clear effects of 

elevation and bole inclination on overall trait (functional) composition at the whole-tree level, 

but with different relative effects for each cryptogam community. The effect of elevation was 

strongest for trait composition of lichens on firs (Table 3.3). However, for lichens on maples, 

the effect of bole inclination was slightly stronger than elevation (Table 3.3). For bryophytes 

on maples, elevation and bole inclination were both significant predictors of trait composition, 

but inclination was a stronger predictor than elevation (Table 3.3). 

For overall trait composition at the side-level, our Permanova analyses revealed that aspect 

(firs) and surface position (maples) were not significant predictors for any community (Table 

3.4). 

3.1.5.2 Individual trait patterns at the whole-tree level 

For lichens on firs, our generalized linear mixed effects models (GLMMs) indicated that 

elevation was a significant predictor of many individual traits (CWMs) at the whole-tree level 

(Fig. 3.3a-e; Table B-S4.1). The prevalence of isidia had a positive relationship with elevation, 

whereas soredia had a negative one (Fig. 3.3a). The prevalence of ascospores showed no 

relationship to elevation (Table B-S4.1). For the prevalence of the secondary metabolites 

aliphatic, bisxanthone, and usnic acid, the effect of elevation was significant and considerably 

stronger than that for cortex depsides (Fig. 3.3b; Table B-S4.1; Fig. B-S4.1). The prevalence 

of aliphatics, bisxanthones, and usnic acids had a negative relationship with elevation, whereas 

the prevalence of cortex depsides had a positive relationship (Fig. 3b; Table B-S4.1; Fig. B- 

S4.1). The prevalence of medullary depsidones did not correlate with elevation (Table B-S4.1).
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Figure 3.2 Canonical correspondence analyses (CCA) relating functional trait composition to environmental variables for 

lichen and bryophyte communities. 

(a) elevation for lichens on firs, (b) elevation and inclination lichens on maples, and (c) elevation and inclination for 

bryophytes on maples. All traits were included in these analyses, but here we only display traits that had significant 

p values in the univariate models. Trait abbreviations are in Appendix B-S. 
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Table 3.3 Results of canonical-correspondence analyses (CCA) predicting whole tree-level functional composition 

relating to elevation (all communities) and inclination (lichens and bryophytes on maples only).  

  
Elevation only   Inclination only   

Inclination and 

Elevation 

Community  

Total  

inertia        F          p 

Var. 

(%)    F       p 

Var. 

(%) F        p Var. (%) 

Lichens on firs      0.2   29.3   0.001 46.3             

Lichens on maples      0.4    2.7    0.05 7.5 4.1 0.02 10.8 3.6     0.01  18.0 

Bryophytes on 

maples     0.2 3.2               0.02 8.6 7.3 0.001 18.0 5.9   0.001  26.0 

The full model and the effect of elevation are the same for lichens on firs because there is only one predictor variable 

in this model. 
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Table 3.4 Results of permutational multivariate analyses of variance (PERMANOVA) 

testing for differences in functional composition among different sides of a 

tree. 

    Lateral gradient   

Community  

Total 

inertia    F     p  Var. (%) 

Lichens on firs 0.3 1.0 0.4 2.0 

Lichens on maples 0.8 1.5 0.2 3.0 

 

The prevalence of fruticose lichens had a positive relationship with elevation, whereas the 

prevalence of broad-lobed foliose lichens had a negative one (Fig. 3.3c; Table B-S4.1). The 

prevalence of narrow-lobed foliose had no relationship to elevation (Table B-S4.1). Finally, 

the photobionts Asterochloris and Chlorococcoid had a positive correlation with elevation, 

whereas Trebouxia had a negative correlation with elevation (Table B-S4.1; Fig. B-S4.1).  

For lichens on maples, bole inclination was a frequent predictor of the prevalence of individual 

traits (Table B-S4.1). The prevalence of ascospores had a positive relationship with bole 

inclination, whereas soredia and isidia had a negative relationship (Fig. 3.3d; Table B-S4.1). 

For secondary metabolites, the prevalence of bisanthraquinones had a strong, positive 

relationship to bole inclination, whereas the prevalence of cortex depsides had a weak, negative 

one (Fig. 3.3e; Table B-S4.1; Fig. B-S4.2). Bisxanthones-triterpenoids were the only trait for 

lichens on maples affected by elevation, and its prevalence had a negative relationship to 

elevation (Table B-S4.1; Fig. B-S4.2). Medulla depsidones had no relationship to elevation or 

bole inclination (Table B-S4.1). Finally, increasing bole inclination was stronglyassociated 

with a decrease in broad-lobed foliose lichens relative to narrow-lobed foliose lichens (Fig 

3.3f; Table B-S4.1).  
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For bryophytes on maples, both bole inclination and elevation predicted some individual traits 

at the whole-tree level (Table B-S4.1). Bole inclination was a significant predictor of two life 

forms (fans and rough mats) and elevation of one life form (tufts) (Figs 3.4a-b; Table B-S4.1). 

The prevalence of fans had a negative relationship with bole inclination, while the prevalence 

of rough mats had a positive relationship (Fig. 3.4b; Table B-S4.1). Tufts had a negative 

relationship with elevation (Fig. 3.4a; Table B-S4.1). Cushions and smooth mats had no 

relationship to either elevation or bole inclination (Table B-S4.1). Elevation and bole 

inclination predicted primary reproductive mode (sexual vs. asexual) and taxonomic division 

(liverworts vs. moss) (Table B-S4.1). Liverworts had a positive relationship to elevation and a 

negative relationship to bole inclination, while mosses showed the opposite patterns (Fig. 4c-

d; mosses not shown; Table B-S4.1). Finally, sexual reproduction had a positive relationship 

to elevation and a negative relationship to bole inclination, while asexual reproduction showed 

the opposite pattern (Fig. 3.4e-f; Table B-S4.1).  

3.1.5.3 Individual trait patterns among sides of tree boles 

Because our side-level Permanovas were not significant for any community, here we only 

report our side-level GLMM results for traits for which we had an a priori hypothesis.  

For lichens on firs, aspect influenced some traits, with weak effects on growth form and 

medulla depsidones (Fig. B-S5.1; Table B-S5.1).  

For lichens on maples, surface position influenced the primary reproductive modes ascospores 

and soredia, and growth form, though the relative effects varied according to trait (Appendix  

B-S5). The prevalence of ascospores was significantly greater on the upper surfaces than on 

the lower surfaces (Fig B-S5.2a; Table B-S5.1). For soredia, there was a significant interaction 

between bole inclination and surface position, with the prevalence of soredia having  
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Figure 3.3 Results of generalized linear mixed effects models predicting community-weighted mean trait values (CWMs) 

for lichens.  

Panels a-c show significant results for lichens on firs relating to elevation. Panels d-e show significant results for 

lichens on maples relating to inclination. We did not observe fruticose lichens on maple tree boles in our study. 

Narrow-lobed lichens are not shown in f, as the pattern is the opposite of broad-lobed foliose. 
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Figure 3.4 Results of generalized linear mixed effects models (GLMM) predicting community-weighted mean trait values 

(CWMs) for bryophytes on maples relating to elevation (top panel) and inclination (bottom panel). 
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a positive relationship with bole inclination on the lower surface and a negative relationship 

with bole inclination on the upper and intermediate surfaces (Fig. B-S5.2b). For growth form, 

broad-lobed lichens were more prevalent on the lower surface than the upper surfaces, with the 

opposite pattern true for narrow-lobed lichens (Fig. B-S5.2c; narrow-lobed lichens not 

pictured; Table B-S5.1). 

For bryophytes on maples, the lateral gradient influenced patterns of sexual reproduction, 

taxonomic division, and the rough mat life form. Both sexual reproduction and liverwort were 

more prevalent on the lower surfaces as opposed to the intermediate and upper surfaces (Fig. 

B-S5.3a-b; Table B-S5.1). For the growth form rough mat, surface position had a significant 

effect, and there was a significant but weak interaction between bole inclination and surface 

position (Fig. B-S5.3c; Table B-S5.1). 

3.1.6 Discussion 

We tested hypotheses concerning the influence of environmental factors on the functional trait 

composition of arboreal cryptogam communities. For lichens, we predicted macro-scale 

factors relating to the elevation gradient would predict functional composition. For bryophytes, 

we predicted that the microclimatic changes associated predominately with bole inclination 

and the lateral gradient would predict functional composition. We based our predictions on 

physiological differences between bryophytes and lichens, expecting similar responses for 

lichens regardless of tree host (fir or maple). We found some clear relationships between 

functional composition and environmental gradients, which supports the theory that cryptogam 

traits are mediated predominately by environmental filtering as opposed to neutral processes. 

However, the considerable variation with respect to which gradient was the most important 

predictor and how different traits relate to each gradient indicate that there is still much to be 

learned about the mechanisms linking cryptogam traits and the environment. 
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3.1.6.1 Overall trait-environment relationships  

Contrary to our predictions, we observed that for lichens, tree species was a strong determinant 

of how tree-level functional composition related to environmental gradients. For lichens on 

firs, functional composition strongly related to the elevation gradient and less so to the lateral 

gradient (Tables 3.3, 3.4; Fig. 3.2a), supporting our hypothesis that changes in temperature and 

humidity play an important role in shaping the functional composition of this community. 

However, for lichens on maples, the effect of bole inclination was stronger than the effects of 

elevation (Table 3.3, Fig. 3.2b). We suggest that the abundance of bryophytes on maples 

(typically the stronger competitors) may influence the functional composition of lichens. We 

return to this subject later in the Discussion.  

For bryophytes, we found that bole inclination plays a greater role than elevation in predicting 

tree-level functional composition, as expected (Table 3.3; Fig. 3.2c). However, in contrast to 

our predictions that bole inclination would increase the differences around the lateral gradient, 

our results indicated that the relationship between the lateral gradient and bryophyte functional 

composition was weak overall and relationships with bole inclination were not always easy to 

interpret (Table 3.4). We speculate that these discrepancies could result from differences in the 

conditions required by bryophytes for establishment versus conditions required for clonal 

growth. For example, the greater moisture availability on upper surfaces of inclined trees may 

provide the necessary water for establishment. Once established, large colonies of bryophytes 

modify bark conditions to be cooler and wetter (Barkman, 1958) allowing growth to happen 

along the intermediate and lower sides (even if establishment could not occur there), thus 

diminishing contrasts along the lateral gradient.   
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3.1.6.2 Individual trait-environment relationships 

Our results indicate that moisture and temperature (in this study represented by elevation, bole 

inclination, and the lateral gradients) play important roles in shaping cryptogam functional 

composition. However, while some traits followed the patterns we predicted, many also 

responded to a gradient we did not expect, or showed a pattern contrary to our predictions, 

indicating that the functional significance of cryptogam traits requires further study. 

Furthermore, we found several significant relationships between individual traits and the 

lateral gradient, suggesting that some traits do indeed vary among sides of a tree, while there 

are many that do not prevent detection of such differences in the multivariate analyses.  

Our results mostly supported our predictions for growth form for lichens on both firs and 

maples. On firs, the prevalence of fruticose lichens increases with elevation (Fig 3.3a; Table 

B-S4.1), which agrees with other studies of arboreal lichens in temperate and boreal 

environments (Bässler et al., 2015; Nascimbene et al. 2015; Rapai et al. 2012). Fruticose 

lichens (particularly the alectorid forms, commonly found at the high elevations in Mont-

Mégantic) are efficient at using moisture from humid air but dry out relatively rapidly 

(Gauslaa, 2014). Adsorption is most efficient at high relative humidity and cooler temperatures 

(Palmqvist, 2008), conditions which are more prevalent at the high elevations in Mont-

Mégantic (Chapter 1). Broad-lobed foliose lichens were also most prevalent at the drier low 

elevations in the fir forest, as expected (Fig 3.3c; Table B-S4.1). The lower surface to volume 

ratio of broad-lobed lichens may allow them to tolerate drier conditions than narrow-lobed and 

fruticose forms (Hurtado et al. 2019; Hurtado et al. 2020; Matos et al. 2015). 

In the maple forests, broad-lobed lichens occupied the drier areas related to tree bole 

inclination: straighter trees and the lower surface of inclined boles, with the opposite pattern 

true for narrow lobed forms (Fig. 3.3f; Fig. 3.3f; Appendices B-S4 and B-S5), also supporting 

the idea that lower surface to volume ratio is favorable in drier environments. 
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In general, our results did not support our predictions for reproductive traits. The prevalence 

of lichens reproducing primarily by ascospores had no relationship to elevation in either forest 

type (Table B-S4.1), contrary to our hypothesis that the more persistant ascospores would 

would be more prevalent at the lower elevations (e.g., more challenging conditions, warmer 

and drier). Interestingly, we noted an increasing prevalence of asexual reproduction via isidia 

on firs at the high elevations (Fig. 3.3a; Table B-S4.1). As the heaviest propagules, we suggest 

that the more favorable cool and humid conditions at the summit are advantageous to their 

establishment, as they cannot disperse as far as spores or soredia. 

On maples, ascospores were most prevalent on the upper, moister surfaces (Fig. B-S5.2a; Table 

B-S5.1), where bryophytes are most abundant (Chapter 1). Perhaps the availability of liquid 

water is more important in explaining the prevalence of ascospore reproduction, as lichen 

ascospores were released quicker when in contact with liquid water than with high relative air 

humidity (Garret, 1970; Ostrosfky and Dennison, 1980). Bryophytes mats hold substantial 

water (Sillett et al. 2000), which may facilitate ascospore-producing lichens on maples.  

There was little support for our predictions concerning the secondary metabolites cortex 

depsides, usnic acid, and medulla depsidones on both firs and maples (Fig. 3.3b,e; Appendices 

B-S4 and B-S5). It seems likely that complex light and herbivory (and perhaps other) gradients 

make predicting patterns for secondary metabolites difficult. Secondly, quantitative 

measurements of the amount of a metabolite in the lichen body (rather than just 

presence/absence) might be necessary to detect relationships with environment, as studies have 

shown that the concentration of metabolites changes along light gradients (Asplund et al. 2021; 

Bjerke et al. 2004). Finally, these substances may also respond to other gradients, such as bark 

pH, as usnic acid has been shown to control the acidity tolerance of lichens (Jürgens and Hauck, 

2008).  

Finally, our exploratory analyses revealed strong relationships between secondary metabolites, 

photobionts, elevation, and bole inclination, suggesting that these traits are shaped by 
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environmental filtering (Figs S1, S2). (Figs. B-S4.1 and B-S4.2); these relationships suggest 

possible functional hypotheses for future testing (e.g., via experimental manipulation of 

specific environmental factors). 

For bryophytes on maples, many of the patterns we observed were opposite to what we 

predicted. First, fans and turfs (open life forms predicted to be associated with wetter areas) 

were associated with drier areas, either straighter-trunked trees or low elevations (Fig 3.4a-b; 

Table B-S4.1). Second, rough mats correlated strongly with upper surfaces of inclined maple 

boles (Fig. B-S5.3c; Table B-S5.1). Finally, at the whole tree-level, sexual reproduction and 

liverworts were more prevalent at the wetter, higher elevations as predicted (Fig. 3.4c-f), but 

at the side-level they were more prevalent on the drier surfaces of straighter boles and the lower 

(drier surface) of inclined boles (Fig. B-S5.3a-b; Table B-S5.1). Isolating a causal influence of 

specific traits such as growth form might be difficult, given correlations among traits (e.g., 

taxonomic group and reproductive mode). 

These contradictory patterns may result, in part, from strong effects of individual species on 

trait averages (Lajoie and Vellend 2015). Tree bark is a harsh substrate for bryophytes and 

likely acts as an environmental filter. For example, three bryophyte species dominate on maple 

trees in our study area: Frullania eboracensis (a liverwort), Leskella nervosa, and Platygerium 

repens, all of which reproduce primarily asexually and have a smooth mat growth form. While 

these species may benefit from the humid conditions at high elevations, they are also well 

adapted to xeric conditions. Therefore, at smaller scales (i.e., on a given side of a tree bole), 

they may be more opportunistic and occupy areas where they are not outcompeted by species 

with a larger size or faster growth rate. Strong competitors are often associated with fertile and 

moist environments (Grime, 1977), and rough mats, due to their quick water uptake and 

retention (Souza, 2020) and larger size, may have a competitive advantage over slower-

growing or smaller life forms on the upper surfaces of inclined boles. 
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It is important to acknowledge some weaknesses of our study. As we used single trait values 

for entire species, our study did not include intraspecific variation, which can relate to 

environmental gradients at smaller scales for arboreal lichens (Coyle, 2016; Hurtado et al. 

2020). For example, inclusion of actual measurements of lobe size and secondary metabolite 

concentrations may strengthen (or refute) some of the weak and/or contradictory patterns we 

found relating to the lateral gradient. Finally, the inclusion of crustose lichens would give a 

more complete story of lichen functional composition.  

3.1.7 Conclusion 

In one of only a few studies of cryptogam traits along environmental gradients, we have 

demonstrated that gradients of moisture, temperature, and environmental stress (represented 

by elevation and the lateral gradient) influence functional community patterns of bryophytes 

and macrolichens. However, while certain traits followed our predictions, supported by the 

literature, others were less clear, raising important questions about the functional significance 

of some traits and the role of interspecific and intraspecific competition in influencing 

functional composition. Future studies can (i) incorporate intraspecific and interspecific 

functional variation and their role according to scale, and (ii) assess the influence of 

competition (or facilitation) of arboreal communities.  
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CHAPTER 4 

EXPERIMENTAL ANALYSIS OF THE ALTITUDINAL DISTRIBUTION LIMIT OF 

THE GHOST ANTLER LICHEN, PSEUDEVERNIA CLADONIA, AT PARC 

NATIONAL DU MONT MEGANTIC IN QUÉBEC, CANADA 

4.1 Description de l’article et contribution 

Les chapitres précédents portaient sur les patrons taxonomiques et fonctionnels des 

communautés de lichens et de bryophytes arboricoles le long des gradients environnementaux 

au Parc national du Mont-Mégantic. Dans ce chapitre, nous nous concentrons sur une seule 

espèce de lichen, afin de déterminer si sa distribution en haute altitude dans le parc est due aux 

conditions environnementales ou aux limites de dispersion - les deux mécanismes centraux qui 

semblent piloter les limites de distribution des espèces. Ce chapitre est probablement le plus 

appliqué. Il est important de comprendre les mécanismes qui déterminent les limites de la 

distribution, en particulier pour les espèces limitées aux sommets des montagnes, car on craint 

que les changements climatiques n'entraînent des distributions de plus en plus restreintes. 

Dans ce chapitre, la question principale est la suivante : La pseudévernie fantôme, est-elle 

limitée dans sa niche ou dans sa dispersion le long du gradient altitudinal au Mont-Mégantic? 

En Amérique du Nord, ce lichen a une distribution montagnarde-côtière distinctive et est 

fortement associé aux forêts de conifères fraîches et humides, ce qui indique une limite de 

distribution limitée par la niche. Cependant, il a également une capacité de reproduction limitée 

et est absent d'un habitat apparemment approprié, lequel indique qu'il peut également être 

limité par la dispersion.  

À partir d'une expérience de transplantation de deux ans, nous avons constaté que la survie et 

la performance étaient les plus élevées dans sa distribution à haute altitude et qu'elles 

diminuaient de façon marquée vers le bord (altitudes moyennes) et au-delà de sa distribution 

(basses altitudes), ce qui confirme que la pseudévernie fantôme a une niche limitée et suggère 
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que les conditions environnementales élevées sont probablement des facteurs importants de sa 

distribution. 

J'ai construit ce projet avec Mark Vellend. Cet article sera soumis bientôt à une revue 

scientifique. 

4.1.1 Experimental analysis of the altitudinal distribution limit of the Ghost Antler Lichen, 

Pseudevernia cladonia, at Parc national du Mont-Mégantic in Québec, Canada  

Christina L. Rinas1 and Mark Vellend1  

1 Département de Biologie, Université de Sherbrooke, Canada  

Keywords: Distribution limits, Lichen ecology, elevation gradients, translocations, 

transplants, temperate ecology, boreal ecology, niche limited, dispersal limited 

Declaration of authorship: CR and MV conceived the ideas and designed methodology; CR 

collected the data; CR and MV analyzed the data; CR led the writing of the manuscript with 

critical inputs from MV. 

4.1.2 Abstract 

Two central mechanisms govern species distribution limits: (i) niche limitations – 

environmental conditions beyond distribution limits that are insufficient for survival and 

reproduction, and (ii) dispersal limitations that prevent colonization of suitable habitat beyond 

distribution limits. Understanding the mechanisms driving distribution limits is important for 

predicting possible consequences of environmental change. For species restricted to mountain 

summits, there is concern that climatic changes may result in increasingly restricted 
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distributions. Here, we conducted a transplant experiment to examine the effect of niche versus 

dispersal limitation on the lower altitudinal distribution limit of the Ghost Antler Lichen 

(Pseudevernia cladonia), an arboreal species that in Québec is restricted to high-elevation 

mountain summits in the southeastern part of the province. Along an elevation gradient in Parc 

national du Mont-Mégantic, Québec, we transplanted 150 individuals into sites within the 

species’ distribution (high elevation), at the edge (mid-elevation), and beyond its distribution 

(low elevation). We monitored the transplants over two years and found that survival and 

performance were greatest within its distribution and decreased markedly towards the edge and 

beyond its distribution, supporting our prediction that the Ghost Antler Lichen is niche limited 

along the elevation gradient. Based on correlates of the global distribution of this lichen, we 

suggest that cooler and more humid conditions at the summit are important environmental 

factors for species’ persistence. Our findings suggest that projected climatic changes in these 

montane habitats may result in less suitable habitat for this species.  

4.1.3 Introduction 

Studies of species distributions are central to the study of ecology, addressing questions 

concerning the patterns of variation in species’ distributions and the relative role of niches and 

dispersal in determining range limits (Gaston, 2003). For a niche-driven distribution limit 

along an environmental gradient, a species stops occurring where environmental conditions 

(such as air temperature) or biotic factors (such as competition) prevent a population from 

sustaining itself (Holt, 2003). In contrast, for a dispersal driven distribution limit, suitable 

habitat exists for a species beyond its current distribution, but it has not yet colonized the area. 

Whether the niche or dispersal is the primary driver of a species’ distribution is important for 

predicting a species’ response to climatic changes, and whether it may overcome barriers to its 

distribution limit (Gaston, 2003). Species with distributions restricted to the high elevation 

mountain summits provide striking examples. As species at the lower elevations move to 

higher elevations (Steinbauer et al. 2018), there is concern that they may displace some 

mountaintop species, for which there are no higher elevations where they can seek refuge 
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(Marris, 2007). Furthermore, temperature and moisture changes within these habitats may 

affect species adapted to mountaintop conditions (Richardson et al. 2003).  

In Northeastern North America, perhumid boreal and hemi-boreal forests occur as virtual 

islands on mountaintops within the Appalachian Mountain chain and along the Atlantic coast. 

The term “perhumid” means that moisture input, particularly via fog, exceeds evaporation and 

transpiration, resulting in year-round wetness, along with cool temperatures (Clayden et al. 

2011). Orthographic lifting and cooling of air masses results in frequent cloud immersion of 

higher elevations on mountains in this region (Sicama 1974; Cogbill & White, 1991; see Fig. 

C-S1.1 in Appendix C). 

The cool, moist perhumid boreal forests are an important habitat for lichens. Lichens are 

poikilohydric organisms, meaning their water content corresponds with surrounding 

environmental conditions (Nash, 2008). Many lichen species are able to obtain most or all of 

their moisture needs from fog and high ambient air humidity (Lange et al. 1986; reviewed in 

Gauslaa, 2014). A recent study showed that many chlorolichens (those that have a green algae 

photosymbiont) activate photosynthesis when the relative air humidity is ~82% or greater 

(Phinney et al. 2019). Furthermore, the cooler temperatures of these forests are advantageous 

to lichens as their photosynthesis is most efficient at lower temperatures (Palmqvist, 2008). In 

Parc national du Mont-Mégantic in southeastern Québec, the diversity of lichens species is 

highest on the mountaintops and declines towards lower elevations (Chapter 2).  

The most direct tests of niche vs. dispersal limited distribution limits are experiments that 

compare the performance of transplanted individuals within a species’ distribution to those 

transplanted beyond the distribution limit (Gaston, 2003; Hargreaves et al. 2013). If the 

performance of the transplants diminishes beyond the species distribution limit, one can infer 

that environmental factors determine the species’ distribution limit. However, if the 

performance of the transplants beyond the species distribution are similar to those within its 

distribution, and suggestive of population viability, this implies dispersal limitation 
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(Hargreaves et al. 2013). Many transplant experiments addressing these questions use vascular 

plants (Hargreaves et al. 2013). Fewer experimental studies have addressed this question with 

lichens, though some studies have indicated dispersal limitation related to forest age gradients 

(i.e., species are naturally absent or rare in young forests where transplants perform well) 

(Sillett et al. 2000; Hilmo et al. 2002; Keon & Muir, 2002). 

In Eastern North America, the arboreal Ghost Antler Lichen (Pseudevernia cladonia (Tuck.) 

Hale & Culb.) (Fig. 4.1a) has a coastal-montane distribution and is strongly associated with 

cool and humid environments (Clayden, 2011). Within the Appalachian region of Southeastern 

Québec, the Ghost Antler Lichen has a clearly defined altitudinal distribution limit: it is 

restricted to high-elevation humid spruce-fir forests in the mountains, even though its host trees 

(fir and spruce) occur at low elevations as well. Its distribution pattern and strong correlation 

with cool and humid habitats suggest a niche-limited distribution. However, due to its limited 

capacity for reproduction, highly clumped and variable distribution within stands, and absence 

from apparently suitable habitat, this species may be dispersal limited (COSEWIC, 2011). 

Furthermore, at the low elevations in our study area, the Ghost Antler Lichens’ coniferous 

hosts are more widely spaced, such that limited dispersal may prevent persistence of a low 

elevation metapopulation (Holt & Keitt, 2000). However, no studies to date have addressed 

these questions experimentally for this lichen.  

In this study, we conducted a transplant experiment to infer whether the Ghost Antler Lichen 

is niche or dispersal limited along an elevation gradient in Parc National du Mont-Mégantic in 

fundamental ecological question, understanding the cause of this lichen’s distribution limit is 

important given its “sensitive” status in Québec due to likely threats from global climate 

change and anthropogenic activity (COSEWIC, 2011). Furthermore, Parc national du Mont-

Mégantic is home to a substantial protected population of the Ghost Antler Lichen, and there 

is concern in this region that upward shifts of the fog base may reduce its montane habitat in 

the future (Richardson et al. 2003).   
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Figure 4.1  Pseudevernia cladonia at Mont Mégantic.  

(a) Naturally occurring Pseudevernia cladonia photographed at Mont-

Mégantic. (b) The study area in autumn (when sugar maple trees turn color), 

showing the approximate distribution of Pseudevernia cladonia: within its 

range, the edge of its range, and beyond its range. (c) An example of a 

Pseudevernia cladonia transplant. 

4.1.4 Methods 

4.1.4.1 Study area 

We conducted our study on Mont St. Joseph, located within Parc National du Mont-Mégantic 

in southeastern Québec (hereafter “Mont-Mégantic,” Fig. 4.1b). The park is located at the 

northern edge of the Appalachian Mountains and has a northern temperate climate (PNdMM, 

2007). The forests on Mont St. Joseph are typical of the Appalachians with mixed northern 

hardwood forest at the lower elevations, boreal forest at the higher elevations, and an abrupt 
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transition zone at the mid-elevations (PNdMM, 2007). Along the elevation gradient, 

precipitation (PNdMM, 2007) and relative air humidity increase, while temperatures decrease 

by about 2 °C (Chapter 2). Disturbances include spruce-budworm outbreaks (1974 – 1984), 

ice storm damage (1998) (PNdMM, 2007) and logging until the 1960s. However, logging 

likely never occurred at the specific location of our study, or if did, it happened over 100 years 

ago.   

4.1.4.2 Focal species 

The focal species in this study is the arboreal Ghost Antler Lichen (Fig. 4.1a), a specialist on 

conifer branches of eastern North America and the Caribbean region. This species has a 

montane-coastal distribution with coastal populations in coniferous forest interiors in Maine, 

New Brunswick, and Nova Scotia (COSEWIC, 2011).  Montane populations occur primarily 

in high elevation coniferous forests of the Appalachians, from North Carolina to Southeastern 

Québec.  In our study area, it is abundant in the high elevation coniferous forest, allowing 

enough material for transplants without affecting the population. In this park, as in other parts 

of Canada, this lichen occurs predominately on dead or needle-free twigs and occasionally the 

trunks of Abies balsamifera (L.) Mill. (Balsam Fir) and Picea rubens Sarg. (Red Spruce) 

(COSEWIC, 2011).  The Ghost Antler Lichen reproduces primarily via thallus fragmentation. 

It does not produce asexual propagules, known in lichens as soredia or isidia (McMullin & 

Anderson 2014). Furthermore, apothecia, sexually reproductive fruiting bodies, are extremely 

rare (COSWEIC, 2011; McMullin & Anderson, 2014). We have not observed the Ghost Antler 

Lichen with apothecia at Mont-Mégantic. Little is known about its physiology; therefore, its 

environmental requirements (cool temperatures and high relative air humidity) are inferred 

from its habitat (COSEWIC, 2011).  
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4.1.4.3 Experimental design 

We transplanted specimens of Ghost Antler Lichens along two altitudinal transects 

(experimental “blocks”), with three sites per transect: (i) within its distribution (high elevation; 

average elevation 1031 m on transect 1 and 940 m on transect 2), (ii) at the edge of the 

distribution (mid-elevation, 850 m and 888 m) and (iii) beyond the lower distribution limit 

(773 m and 781 m; Fig. 1). The transects were located approximately 1 km apart on the east-

facing slopes of Mont Saint Joseph, and each transplantation site was ~ 2-3 hectares in area. 

We delineated the distribution of Ghost Antler Lichen (e.g., within, edge, and beyond) starting 

with habitat descriptions in COSEWIC (2011) and then walking the altitudinal gradient and 

assessing the lichens’ presence and abundance. We selected transplant sites depending on the 

accessibility of the terrain (e.g., relatively gentle slopes), and whether there were enough trees 

suitable for transplanting (e.g., trees with lower dead branches that were sturdy). Due to steep 

and difficult to access terrain, the “within” site (high elevation) on transect 2 was 

approximately 90 m lower than the within site on transect 1. At each site, we selected 25 living 

trees for the transplants (overall, 150 trees with transplants; e.g 50 replicates for each transplant 

site- within, edge, and beyond). We selected trees that had a sturdy, dead branch roughly lower 

than 2.0 m from the ground and that had enough space above the branch to allow us to take 

photographs. We monitored the transplants via semi-annual surveys and photos (described in 

more detail below). 

4.1.4.4 Collection and treatment of transplants 

We collected lichen individuals for transplantation from June 4-6, 2019, at five high-elevation 

locations (~1000 m) spanning the distance between the two high elevation “within” transplant 

sites (~ 1 km). We only collected Ghost Antler Lichen growing on the dead branches of Abies 

balsamifera. We left each collected lichen attached to the branch it was on, cutting the branch 

roughly 10-15 cm on either side of the lichen (Hilmo et al. 2002). We placed each lichen + 

branch in a separate paper bag to transport to the lab. For each lichen, we recorded the location, 
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branch height, and aspect of the branch (relative to the trunk). The transplants were collected 

on branches roughly between 1.2 – 1.9 m from the ground, with the average distance from the 

trunk ~ 50 cm.  

Photos taken prior to collection indicated that the color of other macrolichens on branches 

would be difficult to distinguish from the Ghost Antler Lichen when analyzing photos. 

Therefore, prior to transplantation, we removed all other macrolichens from our transplant 

branches. We also inspected each transplant under a microscope to ensure that there were no 

signs of necropsy. Finally, we stored the transplants in paper bags in cool, dark conditions 

(recommended by Duncan et al. 2015) until the start of the experiment (for a period of roughly 

1.5 weeks). 

We randomly assigned each experimental lichen to a transplant location (within, at the edge, 

or beyond its natural distribution) and placed them in the field from 18-21 June 2019 (Fig. 

4.1c). We used plastic-zip ties and wire to attach each branch + transplant to a low, dead branch 

of Abies balsamifera (1.2 – 1.9 m above the ground; Fig. 4.1c) – i.e., the same height from 

which it was collected. However, we were unable to match the average distance from the trunk 

(50 cm) as the dead branches further from the trunk were small and brittle and photographing 

at the same distance was not feasible. We placed each transplant ~ 6 – 19 cm from the branch’s 

attachment to the trunk, where the branch was most stable and likely to hold for the duration 

of the experiment. After attachment, we sprayed each transplant 15 times with deionized water 

using a spray bottle to reinvigorate them after storage in the laboratory. We monitored the 

transplants five times over a period of two years, with the first monitoring period from 30 June 

– 4 July 2019, and the final one from 31 July 2021 – 08 August 2021. 
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4.1.4.5 Repeat photography of transplants 

We took repeated photos of each transplant with a Nikon 3500 DSLR camera (lens 18-55 mm) 

equipped with a level and mounted to a wooden strip and attached to a surveyor’s tripod (Fig. 

C-S1.2 in Appendix C). On the end of the wooden strip opposite the camera was a black 

background and protractor. This apparatus allowed us to photograph transplants at the same 

height and distance each time, from three different angles (0, 45, 135 degrees; Fig C-S1.3 in 

Appendix C). We placed a ruler on the branch next to the transplant before taking photographs 

to permit later spatial calibration. Secondly, we inspected each transplant for qualitative signs 

of distress (discoloration, broken branches, detaching from transplant branch, downturned; Fig. 

C-S1.4 in Appendix C).   

4.1.4.6 Measures of transplant performance 

We measured transplant performance by (i) its presence (survival) or absence (mortality), and 

(ii) the change in size over the course of the experiment quantified as the relative growth rate. 

During three of the monitoring periods (summer 2019, 2020, and 2021), we took a set of three 

photos of each transplant, one photo from each of three different angles (0, 45, and 135 from 

horizontal) to analyze changes in size of the transplants. Before taking photographs, we 

sprayed each transplant 15 times with deionized water to standardize the degree of hydration 

of the transplants.  

4.1.4.7 Transplant survival 

To test for effects of transplant site location on the survival of the lichen transplants, we used 

a generalized linear model with a bernoulli binomial distribution and a logit link function 

(GLMs; package glmmTMB; v. 1.0.2.1; Brooks et al., 2017). For this analysis, we included 

the transect presence or absence data collected during the four field surveys (fall 2019, spring 
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2020, summer 2021, and summer 2022). In this model, presence (1) or absence (0) of a 

transplant was the response variable. We included the location of the transplant site as a 

categorical predictor variable with three levels (within, edge, or beyond), as our interest was 

in how survivability related to a transplants’ location along its distribution. The time after 

transplantation was also included as a continuous variable (expressed as months after start of 

the experiment). Preliminary data exploration revealed a potential effect of transect, thus 

“transect” was included as a covariate. Next, we tested the significance of each predictor with 

an ANOVA. Lastly, we evaluated the fit of each model using DHARMa, an R package for 

residual diagnostics of GLMMs (Hartig, 2016). Prior to this analysis, we removed one 

transplant because the branch on which we placed the transplant broke.  

4.1.4.8 Image analysis (relative growth rate) 

We used Image J software (version 1.53q) to quantify the relative growth rate of the transplants 

over the two-year period. For this analyse, we used photos taken at the beginning of the 

experiement, in the middle, and at the end. First, to quantify the size of each transplant, we 

used a digital point frame, which mimicks point frames used to estimate percent cover in 

vegetation plots. We used the ruler in each photo of a transplant to create and overlay a 0.5 

cm2 grid of open circles (each with a diameter 0.1 cm) on each photo (Fig. C-S1.5). Each 0.1 

cm circle in which any part of the transplant was present was counted as a “hit”. We estimated 

the size as the total number of hits, averaged across the three photos of a transplant on the same 

date (See also section 4.1.4.5 above and Figs. C-S1.3, C-S1.4, C-S1.5 in Appendix C). After 

completing these measurements, we had a size for each transplant at the the start, in the middle, 

and at the end of the experiment. Prior to this analysis, we removed six transplants from the 

data set because they had either fallen over backwards and the photos could not be recreated 

or because the branch on which the transplant was placed broke. 

We calculated the change in size of transplants during the course of the experiment as the 

relative growth rate, by taking the log ratio of the size at a given time and size at the start of 
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the experiment. We calculated the relative growth rate separately for 2019-2020 and 2020-

2021 because we had different sample sizes given mortality of transplants between years. We 

then used linear models to investigate whether the relative growth rates differed among site 

locations. We created a different model for each period, including the relative growth rate as 

the response variable, and site location and transect as the predictor variables. Finally, we 

tested the significance of each predictor with an ANOVA. 

4.1.4.9 Environmental variables 

Given the Ghost Antler Lichen’s strong correlation with cool and humid habitats, we took 

hourly air temperature and relative air humidity measurements using hobo data loggers (HOBO 

pro v2 Temp/RH; Onset Corporation) during the duration of our experiment, from 04 July 

2019 to 08 August 2021 at each transplant site. We placed 2-3 loggers spaced across each site. 

Prior to analysis, we calculated the daily averages for beyond, edge, and within (e.g., one daily 

average for the beyond sites on transect 1 and 2.) 

We used a linear model to assess temperature patterns among sites. In the model, we included 

site (beyond, at the edge or within the natural distribution) and season as predictor variables. 

We defined winter as December-February; spring as March-May, summer as June-August, and 

fall as September-November. To model relative air humidity, we used generalized linear mixed 

effects models with the beta family of link functions (GLMMs; package glmmTMB; v. 1.0.2.1; 

Brooks et al., 2017). For the GLMM model, we transformed the data using the logit 

transformation, as it is a commonly used transformation for continuous proportion data 

(Douma & Weedon, 2019). Finally, we also used linear models also to confirm no significant 

differences in temperature and relative air humidity among similar sites, (E.g., to see if there 

was a significant difference between the edge site on transect 1 and the edge site on transect 

2). (Models not shown).  
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4.1.5 Results 

4.1.5.1 Survival of transplants 

Our generalized linear model (GLM) (Fig. 4.2a; Table 4.1) revealed a clear decline in survival 

from within the range to beyond the range. The location of the transplant site (within, edge, 

beyond), time after initial transplantation, and transect were significant predictors of transplant 

survival (Table 4.1). At the end of the experiment, 98% of the transplants at the within sites 

were still present, 72% for the edge, and 24% for beyond. Finally, the effect of transect was 

most apparent on the survival of the transplants at the edge sites, with 56% of the edge 

transplants present at the end of the experiment on transect 1, and 88% of the edge transplants 

present at the end of the experiment on transect 2 (Fig. 4.2b).  

4.1.5.2 Relative growth rate of transplants 

Our linear models (Fig. 4.3; Table 4.1) revealed a clear decline in the relative growth rate from 

within the range to beyond the range for both periods (2019-2020 and 2020-2021). The location 

of the transplant site was a significant predictor of the relative growth rate of transplants but 

transect was not. The effect of the location of the transplant site had a greater effect on the 

relative growth rate from 2019-2020 than from 2020-2021 (Fig. 4.3a-b; Table 4.1).  

4.1.5.3 Site level environmental variables 

Temperature decreased with increasing elevation (Fig. 4.4a; Table 4.2). Overall, the annual 

average difference in temperature between the beyond location (mean elevation 777 m) and 

the within location (mean elevation 986 m) was 1.7 ℃. The annual average difference in 

temperature between the beyond site and edge site (0.71 ℃; mean elevation 870 m) was 0.3  
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Figure 4.2: Survival of lichen transplants. 

 (a) Logistic regression showing the relationship between the probabilities of survival of a transplant relating to its 

transplant location. (b) Raw proportion data. 
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Table 4.1 Results of a generalized linear model (GLM) and linear models (LM) for 

transplant survival, and the relative growth rate for 2019-2020, and 2020-

2021. 

 

Transplant survival, 2019-2021 

Predictor variable χ2 Df p 

Site location (within, edge, beyond) 57.71 2 < 0.001 

Time after initial transplant 40.32 1 < 0.001 

Transect 8.75 1   0.003 

    
Transplant relative growth rate, 2019-2020 

Predictor variable F Df p 

Site location (within, edge, beyond) 18.59 2 < 0.001 

Transect 0.02 1 0.93 

    
Transplant relative growth rate, 2020-2021 

Predictor variable F Df p 

Site location (within, edge, beyond) 7.32 2 0.001 

Transect 0.15 1 0.7 
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Figure 4.3 The relationship between the relative growth rate of a transplant relating 

to its transplant location from (left) 2019-2020 and (right) 2020-2021. 

The blue points represent the raw data, and the dashed red line represents “no 

growth”. 
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Figure 4.4 Modeled average temperature (a) and air relative humidity (b) by transplant location and season for 04 

July 2019 – 08 Aug 2021.  

The dashed line at 0.82 in (b) represents the point where studies have indicated (Phinney et al. 2019) that the air 

is humid enough for chlorolichens (which includes Pseudevernia cladonia) to use the moisture for photosynthesis. 

Error bars show 95% confidence intervals.
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Table 4.2 Results of linear mixed-effect models (package LMER, F statistics) and 

generalized linear mixed effects models (package glmmTMB, χ2 statistics) 

predicting site and tree level environmental variables. 

Model Effect df F p 

Air temperature Site location 2 14.48 <0.001 

  Season 3 1508.99 <0.001 

    df x2 p 

Air relative humidity Site location 2 96.64 <0.001 

 Season 3 393.85 <0.001 

 Site location:Season 6 23.48 <0.001 

 

degrees smaller than the average difference in temperature between the edge site and the within 

site (0.99 ℃).  

For relative air humidity, we found a significant interaction between season and transplant 

location, revealing that relative humidity was highest at the within site and lowest at the beyond 

site in the fall, winter, and spring, but not the summer (Fig. 4.4b). During the spring, the 

beyondsite had significantly lower average air humidity than the edge and within transplant 

locations (Fig 4.4b). Finally, over the course of the experiment, the within site had 91 more 

days with an average RH over 82% (the amount of humidity in the air when chlorolichens—

which includes the Ghost Antler Lichen—can activate photosynthesis; Phinney et al. 2019) 

than the beyond site (Table 4.2). 

4.1.6 Discussion 

We tested hypotheses concerning whether the Ghost Antler Lichen is niche or dispersal-limited 

along an elevation gradient in Mont-Mégantic in Southeastern Québec. Our results support a 

niche-limited distribution as both survival and the relative growth rate of transplants declined 
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markedly from within its high-elevation distribution, to the edge, and beyond its distribution 

(Figs. 4.2-4.3; Table 4.1).  

These results suggest that environmental conditions within its high-elevation mountaintop 

habitat are important in understanding the distribution limits of this species.  

The Ghost Antler Lichen is strongly associated with cool, humid habitats (COSEWIC, 2011), 

and our climatic data confirms that its high elevation habitat at Mont-Mégantic is cooler and 

has a higher relative air humidity than the edge and beyond sites (Fig. 4.3a-b). The Ghost 

Antler Lichen is a “shrubby” fruticose lichen with a trebouxioid green-algae photobiont. 

Typically, lichens with these characteristics are efficient at utilizing water vapor from the air 

at high relative humidity (Lange 1986; Gauslaa, 2014) and in cool conditions, which reduce 

respiration relative to photosynthesis (Palmqvist, 2008). More specifically, many lichens with 

a green algae photosyiont activate photosynthesis at ~82% relative humidity, and ~95% 

relative humidity is particularly important for full photosynthetic activation of shrubby 

fruticose growth forms (Phinney et al. 2019).   

Assessing how growth rates vary across seasons may be a future direction for research on this 

lichen. Studies have indicated that growth rate does vary according to changing environmental 

conditions related to the season for some foliose lichen species (Benedict, 1990; Muir et al. 

1997). For lichens, light availability during humid conditions is important for photosynthesis 

and growth (Palmqvist, 2008). However, too much solar radiation can lower air humidity 

(Gauslaa, 2014), which poses a limitation for the Ghost Antler Lichen. We propose that 

springtime may be an important period of growth for this lichen, as temperatures are cooler 

than the summer and relative air humidity at the edge and within sites is well above 82%, 

whereas the beyond site is much lower (Fig. 4.4b).  Furthermore, the within sites had 53 more 

days when the average relative air humidity was 82% or greater; ~43% of these high humidity 

days occurred during the springtime.  
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Our results indicate that the mean relative growth rate of the transplants at the within site 

declined the least, but the average was still slightly negative (Table 4.1; Fig. 4.3). This tendency 

may be due to the slow growth rate and recovery of lichens after transplant shock. (For the 

transplants that survived the first year of the experiment, we observed some form of damage, 

either discoloration or sections of thallus detaching on about half of them). At the end of the 

experiment, we observed that at within sites the thalli of 35 transplants (out of 50 total) were 

attached onto the branch of the host tree (i.e., beyond the section of branch that was moved). 

In contrast, we observed this phenomenon on only 17 transplants at the edge sites and 3 at the 

beyond sites. These observations suggest that despite the shock of transplanting, when the 

conditions are favorable the Ghost Antler Lichen can reestablish itself.  

In the study, we noted an effect of transect for transplants at the edge sites (Fig 4.2a). As we 

noted no significant climatic differences among similar sites on the transects, we do not have 

an explantion for this effect (e.g., no significant differences between the edge site on transect 

1 and 2; see also section 4.1.4.9). We observed that the Ghost Antler Lichen seems to increase 

rather abruptly when walking the elevation gradient…. see comment. Future studies focused 

on the physiological tolerances of this lichen may be able to sort out these discrepancies. 

It is important to acknowledge some of the limitations of our study and factors that might be 

important to consider in future studies of this lichen. First, we placed our transplants about 30-

40 cm closer to the trunk than from where we collected them (~50 cm). The shadier conditions 

closer to the trunk may have affected the transplants. We also removed other lichens and 

occasionally bryophytes from our transplant branches, which may have altered interactions 

that influenced the microclimate of the transplants. We did not address the influence of biotic 

interactions on range limits not addressed in this study; however, a meta-analysis of transplant 

studies (mostly of vascular plants) along elevation gradients noted that biotic interactions may 

be more influential on a species’ range limit at the more species rich lower elevations than 

higher elevations (Hargreaves et al. 2013). For example, competition from a dominant 
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competitor may influence a species performance at the range edge, resulting in a realized niche 

that excludes portions of its fundamental niche (HilleRisLambers et al. 2013).  Observations 

suggest that the Ghost Antler Lichen might be a weak competitor, as few other lichens present 

on twigs colonized by the Ghost Antler Lichen, or perhaps it tolerates a characteristic of the 

twig microhabitat that is unfavorable for other lichens (COSEWIC, 2011). Studies addressing 

the role of interspecific and/or intraspecific competition could provide interesting information 

about the Ghost Antler Lichens within tree and altitudinal distribution limits. Finally, in 

Québec, the Ghost Antler Lichen is principally limited to mature to over-mature stands 

(COSEWIC, 2011), thus forest stand age may also play a role in determining its distribution in 

other sites.  

As a mountaintop specialist in Québec, the greatest immediate threat for Ghost Antler Lichen 

is from climatic changes affecting its habitat. Studies show that the cloud base is shifting 

upwards along the Appalachian chain, likely due to global climate change (Richardson et al. 

2003). A shift in the altitude of the cloud base could result in increasingly dry conditions due 

to reduced moisture input and increasing evapotranspiration (COSEWIC, 2011). Elimination 

of habitat by the upslope migration of vegetation adapted to warmer conditions is also a 

concern for mountaintop lichens. The response of the temperate-boreal ecotone to global 

climate change in northeastern North America is complex and some evidence indicates that the 

temperate-boreal ecotones have advanced upslope (Beckage et al. 2008), yet other studies 

indicate that they are stable or even shifting downwards in this region (Foster & D’Amato, 

2015). Furthermore, thin soils at the top of the mountain may not support the expansion of 

sugar maple (the dominant low-elevation tree), and some balsam fir individuals persist 

throughout the maple forest (Hall 1998). While loss of habitat is a future concern, directing 

conservation efforts towards more immediate climatic changes would likely be the most 

beneficial to preserving this species.   
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Moving species to establish, reestablish and/or augment populations has been proposed as 

means to mitigate threated and sensitive species faced declining habitat due to anthropogenic 

changes (Brichieri‐Colombi, & Moehrenschlager, 2016). Our study raises the question of how 

practical it might be to transplant Ghost Antler Lichens for the population to persist. Transplant 

experiments of old-growth lichens with dispersal-limitations show that they can survive in 

younger forests (Sillett et al. 2000; Hilmo et al. 2002), and our data also indicate that 

transplants can survive if environmental conditions are appropriate (i.e., transplant shock is not 

a major barrier). However, transplanting niche-limited lichens depends on suitable 

environmental conditions, which may not exist outside of the current distribution. Furthermore, 

microclimatic conditions also play a role for species and considering these conditions are also 

important for successfully identifying appropriate conditions for transplantation (Brooker et 

al. 2018). For example, while Ghost Antler Lichen is more strongly associated with northern 

aspects it was also found growing at its lower elevation limit in mossy, cool microhabitats on 

southern aspects (COSEWIC, 2011). Detailed measurements of both macro and microscale 

climatic factors will be important for any future translocation efforts. Finally, for a 

translocation effort to achieve long-term success, individuals need not only grow but also 

reproduce (Allen, 2016). As mentioned in the preceeding paragraphs, our observations suggest 

that when the conditions are favorable the Ghost Antler Lichen can reestablish itself. However, 

longer term studies are needed to assess reproduction (i.e., establishment of new individuals), 

and full reestablish may take many years.  

4.1.7 Conclusion 

In this first experimental study analyzing the altitudinal distribution limits of the Ghost Antler 

Lichen, we have demonstrated that this species is likely niche limited along altitudinal 

gradients. Its high elevation distribution seems mostly likely due to the cooler and more humid 

conditions, though factors such as competition and herbivory may play a role also play a role 

in determining its distribution and should be considered in future studies. Our findings suggest 
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that climatic changes in these montane habitats may result in less suitable habitat area for this 

species. Future conservation efforts may include translocations, but for niche-limited species 

such as the Ghost Antler Lichen, this presents a particular difficulty of selecting sites with 

suitable environmental conditions. However, our study suggests that in favorable conditions 

the Ghost Antler Lichen can reestablish itself. In a regional context, high-elevation, humid 

forest habitats are uncommon in Southeastern Québec and our study site, Parc National 

du Mont-Mégantic, is home to a substantial protected population of the Ghost Antler Lichen.  
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CHAPTER 5 

ALECTORIA SOREDIOSA NEW TO QUÉBEC FROM PARC NATIONAL DU 

MONT-MÉGANTIC 

5.1 Description de l’article et contribution  

Ce dernier chapitre résume l'observation du lichen rare Alectoria sorediosa au parc national du 

Mont-Mégantic, le premier enregistrement au Québec. De plus, l'annexe contient une 

description de l’observation de la mousse rare Zygodon rupestris au parc, ainsi qu'une liste 

d'espèces nouvellement enregistrées ou intéressantes (Appendices D-S1 et D-S2; Figure D-

S1.1). Ces observations suggèrent l'existence d'une riche flore de cryptogames au sein du parc 

et soulignent la nécessité de poursuivre les études, notamment pour les lichens. J’ai rédigé le 

manuscrit conjointement avec R. Troy McMullin. 

Citation: Rinas, C., & McMullin, R. T. (2020). Alectoria sorediosa new to Québec from Parc 

national du Mont-Mégantic. Evansia, 36(4), 135-138. 

5.1.1 Alectoria sorediosa new to Québec from Parc national du Mont-Mégantic 

Christina Rinas1 and R. Troy McMullin2 

1Université de Sherbrooke, Sherbrooke, QC, Canada 

2Canadian Museum of Nature, Research and Collections, Canada. 

Keywords: Biogeography, Parmeliaceae, rare species. 
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5.1.2 Abstract 

Alectoria sorediosa is reported from Québec, Canada for the first time from the conifer zone 

above 1000 m in Parc national du Mont-Mégantic. This rare species has only been reported in 

North America five times previously. Ours is the second report from eastern North America. 

5.1.3 Introduction 

Alectoria sorediosa (Lång ex Räs.) McMullin & Lendemer is a lichen recently described as a 

separate species from Alectoria sarmentosa (Ach.) (McMullin et al. 2016). It was previously 

recognized at the species level, Bryopogon sorediosus (Lång ex Räs.) Gyeln., but it has usually 

been included within the species concept of A. sarmentosa. For example, Brodo and 

Hawksworth (1977) describe it as a rare sorediate form of A. sarmentosa and Hawksworth 

(1972) recognized it as a variety. However, recent molecular work, as well as the presence of 

soredia, a characteristic not observed on other species within this group, has been put forth as 

evidence to classify it as a distinct species (McMullin et al. 2016).  

Alectoria sorediosa has a fruticose growth form (Fig. 5.1A) and is corticolous. The thallus is 

yellowish green due to the presence of usnic acid, it has raised white pseudocyphellae, and 

when a chemical spot test of potassium hydroxide and sodium hypochlorite (KC) is applied to 

the medulla it turns red due to alectoronic acid. Alectoria sorediosa is distinguished from all 

other species of Alectoria by the presence of soredia in relatively large soralia (Fig. 5.1B).  

Alectoria sorediosa has a bicoastal distribution (Fig. 5.1D). Aside from our observation, five 

other records of this species exist in the United States and Canada. In the west, this species 

occurs along the coast of California, British Columbia, and in the Aleutian Islands of Alaska. 

In the east, this species occurs along the coast of Nova Scotia. We observed this species at Parc 
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national du Mont-Mégantic, in southeastern Québec (Fig. 1C). Ours is the first observation for 

Québec and the first inland observation in the east. 

5.1.4 Methods 

5.1.4.1 Study Site Overview 

We collected the two Alectoria sorediosa specimens during a study examining the changes in 

community composition of arboreal lichens and bryophytes along an elevation gradient at Parc 

national du Mont-Mégantic, a 54.9 km2 protected area located in southeastern Québec. The 

park consists of several peaks that surround the highest mountain, Mont-Mégantic, which has 

a summit elevation of 1105 m.  

The park is characterized by mixed northern hardwood forest at the lower elevations, conifer-

dominated forest at the higher elevations, and an abrupt transition zone at the mid-elevations 

(Parc national du Mont-Mégantic 2003). In general, sugar maple (Acer saccharum) and yellow 

birch (Betula allegheniensis) are the dominant tree species from 400-650 m, balsam fir (Abies 

balsamea) and yellow birch from 650-800 m, balsam fir and white birch (Betula papyrifera) 

from 800-900 m, and balsam fir and red spruce (A. balsamea and Picea rubens, respectively) 

from 900 m to the summit.  

Parc national du Mont-Mégantic has a northern temperate climate characterized by very cold 

winters (Parc national du Mont-Mégantic 2007). The annual average temperature of the park 

is 3.6 °C. However, average temperatures are about 3.8 °C cooler on the summit than at the 

base. Precipitation can reach 780 mm annually, 40% of which is in the form of snow. The 

growing season is about 100 days long, 20 days shorter than the surrounding region (Savage 

and Vellend 2015). 
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5.1.4.2 Location of Alectoria sorediosa 

We observed two specimens of Alectoria sorediosa on the high-elevation slopes of Mont Saint 

Joseph in an open coniferous forest dominated by A. balsamea with a fern understory (Fig. 

1B). The first A. sorediosa was found on an east-facing slope at an approximate elevation of 

1010 m. The lichen was collected from the bole of an Abies balsamea (dbh = 26.7 cm) on the 

south side of the tree, approximately 1.5 m above the ground. Other lichen species observed 

on this tree bole were Bryoria nadvornikiana, Cladonia ochrochlora, Cladonia squamosa, 

Evernia mesomorpha, Hypogymnia physodes, Parmelia squarrosa, Platismatia glauca, 

Pseudovernia cladonia, Usnea spp., and Usnocetraria oaksiana. The bryophyte species 

observed on this tree bole were Dicranum fuscesens, Dicranum montanum, and Ptilidium 

pulcherrium. The second specimen was found on a north-facing slope at an approximate 

elevation of 1023 m. The lichen was collected from the branches of an unidentifiable conifer 

snag (dbh = 9 cm), on the southwest side of the tree, approximately 1.5 m above the ground. 

Other lichen species observed on the branches were Cladonia chlorophaea, H. physodes, 

Parmelia spp., P. glauca, P. cladonia, and Usnea spp. The bryophyte species observed on this 

branch was P. pulcherrium.  

5.1.4.3 Distribution data 

We obtained distribution data for Alectoria sorediosa from six databases: 1) Canadensys, 2) 

Canadian Museum of Nature, 3) Consortium of North American Lichen Herbaria (contains 

digitized records from 90 herbaria; CNALH 2019), 4) Biodiversity Institute of Ontario, 5) 

Global Biodiversity Information Facility, and 6) the New York Botanical Garden; and from 

Brodo and Hawksworth (1977) and McMullin et al. (2016). 
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5.1.4.4 Identification 

We identified our specimens using a stereo microscope and standard chemical spot tests 

following Brodo et al. (2001). We further examined the secondary metabolites using thin-layer 

chromatography following Culberson and Kristinsson (1970) and Orange et al. (2001) in 

solvents A, B′, and C. The specimens contained usnic acid and alectoronic acid. Images of the 

thallus were captured using a Leica DVM6 digital microscope (Fig. 5.1A), images of the 

habitat were captured with a Sony NEX-5N digital camera (Fig. 5.1B and 5.1C). The map was 

produced with SimpleMappr (Fig. 5.1D; Shorthouse 2010). Our specimens are housed at the 

Canadian Museum of Nature (CANL).  

5.1.5 Results 

Alectoria sorediosa (Lång ex Räsänen) McMullin & Lendemer  

Specimens examined. — CANADA. QUÉBEC. Le Granit Regional County Municipality: Parc 

national du Mont-Mégantic, in the coniferous region at the higher elevations, (1.) on the east-

facing slope of Mont St. Joseph c. 0.4 km NE of the summit, corticolous on Abies balsamifera, 

05 July 2018, Rinas 0001 and La Croix-Carignan and McMullin (CANL). (2.) on the north- 

facing slope of Mont St. Joseph c. 0.44 km NNE of the summit, corticolous on an unidentifiable 

conifer snag, 06 June 2019, Rinas 0002, and McMullin (CANL). 
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Figure 5.1 A-D. Alectoria sorediosa.  

A. Branches with pseudocephellae and soralia, Rinas 0001 (CANL), scale = 

mm. B. Habitat on Mont-Mégantic. C. Mont-Mégantic showing the coniferous 

region at higher elevations and the deciduous region below. E. North American 

range. Red dots = historical collections, blue dot = new reports from Mount-

Mégantic.  

 

 



 

 

134 

5.1.6 Discussion 

All known occurrence records and observations of Alectoria sorediosa suggest that it has a 

distribution similar to that of A. sarmentosa. Alectoria sarmentosa has a bicoastal distribution 

in North America, from northern California to southern Alaska in the west, and from New 

England to northern Québec in the east (Brodo and Hawksworth, 1977). Within these regions, 

it is found in humid coniferous forests along the coast and slightly further inland, but is absent 

from the interior of Canada and the United States (Brodo and Hawksworth 1977; Brodo et al. 

2001). While it seems that humidity plays a role in the distribution of A. sarmentosa, Ahti 

(1964) suggested that perhaps it cannot tolerate the colder intermountain climate in the middle 

of the continent. Alectoria sorediosa has been observed growing interspersed with A. 

sarmentosa (R.T. McMullin, pers. obs.). Similarly, A. sarmentosa has also been found in the 

high elevation balsam fir forests at Mont-Mégantic (Lavoie 2017; C.L. Rinas, unpublished 

data). Combined, these observations and reports suggest that in eastern Canada, coastal and 

montane coniferous forest where A. sarmentosa occurs may also be suitable habitat for A. 

sorediosa. Furthermore, our observation is the furthest inland, which shows that this species is 

not entirely restricted to coastal locations. 

In addition to Alectoria sorediosa, we observed several other new lichen species to Mont-

Mégantic during our study: Arthonia helvola, Bryoria fuscescens, Bryoria trichodes spp. 

trichodes, Dictyocatenulata alba, Lecania croatica, Lecanora allophana, Lecanora glabrata, 

Physcia aipolia, and Rinodina ascociscana. This illustrates that there is a knowledge gap in 

the understanding of lichen biota at Mont-Mégantic. Previous, unpublished, lichen surveys in 

the park were conducted in 1953, 1981, 2004, and the most comprehensive inventory was 

recently completed by Lavoie (2017). Despite previous studies, 62 of the 100 species Lavoie 

reported were new to the park, including three new records for Québec and one new Canadian 

record (Lavoie 2017). However, Lavoie (2017) also notes that there are likely many lichen 

species still undiscovered at Mont-Mégantic, which is supported by the results of our study. 
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Our collections of Alectoria sarmentosa and A. sorediosa suggest that Mont-Mégantic is 

important habitat for lichens with a coastal-montane coniferous forest distribution. Other 

lichen species found in the park with this distribution include Pseudovernia cladonia and 

Hypogymnia krogiae. With more exploration of Mont-Mégantic, we expect additional species 

reports, especially those with coastal-montane coniferous forest distributions.  
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CHAPTER 6 

GENERAL DISCUSSION AND CONCLUSION 

6.1 Overview 

The unique physiologies of bryophytes and lichens indicate that they may show diversity and 

distribution patterns that differ from other taxa and from each other, yet these organisms remain 

understudied in community ecology. In this thesis, I have quantified the taxonomic and 

functional community structure of arboreal macrolichen and bryophyte communities along 

elevation and lateral tree bole gradients in temperate and boreal forests. Secondly, I addressed 

the mechanisms behind the altitudinal distribution limits of the Ghost Antler Lichen – a 

mountaintop specialist in Southeastern Québec. The theoretical framework for this study was 

based on (i) deterministic verses stochastic factors influencing taxonomic and functional 

community assembly (Chase, 2003, 2010; Dıaz et al. 1999; Keddy, 1992; Weiher & Keddy, 

1995; Whittaker, 1960;) and (ii) niche versus dispersal as causes for a species’ distribution 

limits (Gaston, 2003). The guiding questions in this study were as follows: 

(i) What patterns and processes are involved in community assembly along elevation 

gradients?  

(ii) How do environmental factors or dispersal limitation determine the limits of species 

distributions/ranges?  

I first studied the taxonomic (Chapter 2) and functional (Chapter 3) patterns of arboreal 

bryophyte and macrolichen communities (i) along an elevation gradient associated with 

macroclimatic changes in temperature and air relative humidity, and (ii) along the lateral tree 

bole gradients associated with microclimatic changes in bark surface temperature and moisture 

content. The objective of Chapters 2 and 3 were to better understand how macro and micro 

temperature and humidity regimes shape these communities. In Chapter 4, I conducted a 

transplant experiment with the Ghost Antler Lichen (Pseudevernia cladonia) to test whether 
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its high elevation distribution is determined by niche or dispersal limitations. Finally, in 

Chapter 5, I reported on rare and unique species observed during this study. 

6.1.1 Taxonomic and functional patterns of arboreal lichens and bryophytes 

Lichens and bryophytes are both poikilohydric organisms (Proctor, 2000; Nash, 2008). 

However, they do differ physiologically in their temperature and moisture requirement, with 

bryophytes requiring a greater quantity of liquid water (Proctor, 2000; Proctor 2007), and 

lichens needing higher air humidity and cooler temperatures (Lange et al. 1986; Lange et al. 

1988; (Palmqvist, 2008, Phinney et al. 2019). The different physiology of lichens and 

bryophytes formed the basis of my predictions for patterns of taxonomic diversity/composition 

(Chapter 2) and functional composition (Chapter 3) relating to elevation and lateral tree bole 

gradients. For lichens, I predicted macro-scale factors relating to the elevation gradient would 

be the stronger predictor of their taxonomic and functional patterns, and for bryophytes that 

the microclimatic changes associated predominately with the lateral gradient (influenced by 

the degree of tree bole inclination) would be the stronger predictor.  

A noteworthy finding of this study was that while I expected lichen taxonomic and functional 

patterns to be similar on different tree hosts, my results indicated that lichens on firs responded 

more strongly to the elevation gradient (e.g., associated with macroclimatic changes) whereas 

lichens on maples showed a stronger response to the lateral gradient and inclination of the tree 

bole (e.g., associated with microclimatic changes). These contrasting patterns seem likely to 

be related to (i) interactions with bryophytes, which are largely absent on firs yet abundant on 

the upper portion of maple boles, and (ii) the much stronger contrasts in humidity along the 

lateral tree bole gradients of maples, given their inclination. Lichen taxonomic alpha diversity 

decreased toward the upper surfaces of maples bole where bryophytes are more diverse, 

suggesting that bryophytes may influence lichen diversity on maples via competition. 

However, I also observed that certain lichen functional traits were more prevalent on the upper 
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surfaces of maple boles (apothecia and narrow-lobed growth forms), suggesting that bryophyte 

mats (which hold water) may facilitate certain lichen traits, an observation noted in other 

studies of arboreal cryptogams (Sillett et al. 2000). These contrasting observations suggest that 

biological interactions can result in different taxonomic and functional responses, while 

highlighting the importance of including both taxonomic and functional patterns into 

community studies.  

My results confirmed that for lichens on firs taxonomic and functional patterns responded 

strongly to elevation with alpha diversity increasing with elevation, an uncommon pattern 

when looking across taxa on temperate and boreal mountains (McCain & Grytnes, 2010), 

although studies have noted similar patterns for arboreal lichens along forested gradients 

(Cobanaglu & Sevgi 2009; Bässler et al. 2015; Nascimbene & Marini, 2015; Boch et al. 2019; 

Belguidoum et al. 2021). Furthermore, the higher elevations communities were 

compositionally unique (taxonomically and functionally) from lower elevation communities. 

Studies addressing the temperature and moisture requirements of lichens (Phinney et al. 2019), 

as well as my climatic data suggest that the cooler temperate and greater air humidity at the 

high elevations are important for these organisms. Furthermore, certain traits for which I 

conducted exploratory analyses, given no a priori hypotheses (e.g., photobiont and certain 

secondary metabolites), did show strong patterns relating to elevation, though we do not have 

an explanation for these patterns. Further studies, ideally which include quantitative trait 

measurements, are needed to confirm (or refute) the patterns observed in this study. My study 

serves as a basis for future studies addressing lichen functional traits in this region.  

The lateral tree bole gradient and inclination were the stronger predictor of taxonomic and 

functional patterns for bryophytes on maples, but the magnitude of the relationship was 

variable among different community characteristics. The lateral gradient strongly predicted 

taxonomic alpha diversity and (to a lesser extent) composition. However, while the angle of 

inclination of a tree bole predicted functional composition of bryophytes at the whole-tree 
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level, the lateral gradient played a much weaker role. Particularly for bryophytes, while certain 

traits followed our predictions and are in agreement with the literature, others are less clear or 

contradictory to the literature. For example, some traits (e.g., sexual reproduction) occupy the 

wettest portions of the elevation gradient but the driest portion of the lateral gradient. These 

results raise the question as to whether there are differing conditions required for establishment 

versus clonal growth, and whether there are the other gradients (biotic or abiotic) that influence 

or interact with temperature and moisture to influence functional composition. While my study 

advances our knowledge of cryptogam ecology, these species remain much less well 

understood than vascular plants. 

Overall, the results of these chapters support the general idea that benign conditions favor 

biodiversity (Whittaker, 1960; Chase 2003, 2010). Importantly, the definition of benign 

conditions varies among taxa. These chapters also support the idea that deterministic processes 

and environmental filters, especially humidity and temperature, play a strong role in shaping 

arboreal epiphytic cryptogam communities, both taxonomically and functionally.  

6.1.2 Distribution patterns of the Ghost Antler Lichen 

The strong correlation of the Ghost Antler Lichen with cool, humid coniferous forests as well-

as its limited ability for long-distance dispersal (e.g., it produces virtually no diaspores or 

propagules and reproduces via solely fragmentation) (COSEWIC, 2011) make this lichen an 

ideal candidate to test whether its distribution is limited by the niche or dispersal. To the best 

of my knowledge, this is the first study to experimentally address this question for the Ghost 

Antler Lichen and an important contribution to understanding how this lichen, considered 

“sensitive” in Québec, may respond to global climate change.  
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My results showed that transplant survival and growth declined markedly moving away from 

its high-elevation habitat, suggesting a niche-limited distribution limit (Hargraves et al. 2013). 

Furthermore, our climatic data confirms that its mountaintop habitat is cooler and more humid 

than at the edge and beyond its range. We suggest that the Ghost Antler Lichens’ distribution 

limit is influenced by changing temperature and relative humidity conditions, with cooler and 

more humid mountaintop being the favorable habitat for this lichen. It is important to note that 

heterogeneity in environmental conditions exists even along seemingly homogeneous 

gradients, as interactions may result in an organism experiencing a great deal of variation of 

an environmental condition (Sagarin et al. 2006). Furthermore, biotic interactions may also 

influence range limits (Godsoe et al. 2017). Monitoring microclimatic conditions experienced 

by lichens and experiments designed to understand the role of biotic interactions in distribution 

limits would be an interesting addition to future studies. 

6.2 Conservation perspectives and future studies 

6.2.1 Maple forests 

My study shows that bryophytes and lichens are sensitive to microclimatic moisture regimes 

associated with bole inclination on maple trees. Furthermore, trees with very inclined boles (~ 

> 20o) appear to harbor a bryophyte community that is unique from straighter-trunked trees. In 

addition, more inclined trees are associated with a greater prevalence of diaspore-producing 

lichens, which are important for long distance dispersal. Secondly, narrow-lobed growth forms, 

which studies suggest are more sensitive to dry conditions than larger-lobed forms, are more 

common on inclined tree boles. Lichen diversity, however, is greater on straighter-trunked 

maples. Therefore, in temperate forest, conserving trees of a wide range of bole inclinations 

(e.g., following partial logging) would be important for preserving taxonomic and functionally 

diverse cryptogam communities, with a particular emphasis placed on preserving angles > 20o, 

which I observed to be uncommon. Futures studies could address how these communities may 
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change when faced with drier conditions, given that global climate change could magnify water 

stress at the microclimatic level. The inclusion of crustose lichens (which were not included in 

this study) is also important as they might tolerate drier conditions differently than other 

growth forms. Finally, the interactions between bryophytes and lichens on maples deserves 

more attention, and is amenable to experimentation (e.g., removal of bryophytes). 

6.2.2 Fir forests 

My study indicates that the mountaintop fir forests harbor a diverse arboreal lichen community 

that is taxonomically and functionally unique from those at lower elevations, and that these 

forests provide habitat for rare species and those that are sensitive to air temperature and 

humidity regimes. Furthermore, these mountaintops have a greater prevalence of lichens that 

reproduce predominately asexually via isidia. As isidia are heavier than soredia, this suggests 

that the community may have a limited capacity for long distance dispersal. These 

communities will likely be sensitive to climatic changes and may be less capable of dispersing 

to more favorable habitat. Finally, my observations of rare species, as well as new records of 

more common ones indicate that much remains to be learned about arboreal lichen 

communities at Mont-Mégantic and elsewhere. Studies indicate that humid boreal forests 

contain a high number of rare lichens (McMullin and Wiersma, 2017). Therefore, 

characterizing mountaintop lichen communities merits further attention and study. 

Furthermore, identifying microclimates suitable for preserving sensitive species as well as 

more experiments with translocations may aid in conserving certain lichens in these forests.   

6.2.3 Parc national du Mont-Mégantic as an important habitat for cryptogams 

During this study, I observed two rare species. The first, the lichen Alectoria sorediosa, has 

only five previous observations noted in North America. Secondly, I observed Zygodon 
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rupestris, a rare moss only observed four times in Québec. My observations suggest that Mont-

Mégantic might be an important refuge for cryptogam communities, although comparing 

among sites is difficult given a paucity of data. Few inventories, particularly for lichens, have 

been undertaken at the park. Further inventories are critical for understanding the cryptogam 

diversity. 

6.3 Concluding remarks 

My study is the first to address the patterns of diversity and distribution of arboreal lichen and 

bryophyte communities at Parc national du Mégantic, using a taxonomic and functional 

approach. It addresses fundamental questions in community ecology relating to community 

assembly and mechanisms driving the distribution limits of a species. This study supports the 

following conclusions: 

(i) Diversity and composition of lichen on firs respond more strongly to largescale temperature 

and air humidity regimes associated with an elevation gradient. High elevation communities 

are more distinct and compositionally unique from lower elevation communities. 

(ii) Diversity and composition of lichen and bryophytes on maples respond more strongly to 

micro-scale moisture regimes associated with the lateral gradient and bole inclination. The 

upper surface of tree boles, particularly those that are strongly inclined, are important for 

bryophyte diversity and certain lichen traits, whereas straighter-trunked trees have a higher 

lichen diversity. 

(iii) The Ghost antler-lichen is likely niche-limited along the altitudinal gradient at Mont-

Mégantic. Changes in the temperature and air humidity could impact the distribution of this 

lichen in the future. 
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This study can help inform temperate and boreal forest management of Southeastern Québec. 

Conserving maples trees of varied inclinations is important for maintaining the unique 

taxonomic and functional composition of arboreal cryptogam communities in deciduous 

forests. High elevation coniferous lichen communities in Southeastern Québec deserve special 

attention due to their unique character and high diversity. Their high-elevation habitat is rare 

in the region, and these communities are probably among the most sensitive to global climate 

change.
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APPENDIX A 

SUPPLEMENTARY MATERIALS FOR CHAPTER 2 

Appendix A-S1 Lichens and bryophytes identified at Mont-Mégantic  

Lichens Bryophytes 

Alectoria sarmentosaf Brachythecium c.f. laetum 

Bryoria furcellataf Brachythecium campestre 

Bryoria fuscescensf Brachythecium rotaeanum 

Bryoria nadvornikianaf Dicranum viride 

Bryoria trichodesf Frullania eboracensis 

Candelaria concolorm Hygroamblysteigium varium 

Cetrelia chicitaem Hypnum pallescens 

Cetrelia olivetorumm Leskeella nervousa 

Cladonia chlorophaea groupf Leucodon sciuroides 

Cladonia macilenta var. bacillarisf Neckera pennata 

Cladonia ochrochloraf Orthotrichum c.f. sordidium 

Cladonia squamosaf Orthotrichum obtusifolium 

Evernia mesomorphaf Orthotrichum ohioensis 

Hypogymnia krogiaef Orthotrichum stellatum 

Hypogymnia physodesf Plagiomnium cuspidatum 

Hypogymnia vittataf Platydictya subtilis 

Imshaugia aleuritesf Platygyrium repens 

Lobaria pulmonariam Porella platyphylla 

Ricasolia quercizansm Ptilidium pulcherrimum 

Melanelixia fuliginosaf Pylaisia c.f. polyantha 

Melanelixia subauriferafm Pylaisia intricata 
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Appendix A-S1 continued 

Melanohalea exasperatam Radula complanata 

Melanohalea haleifm Sanionia uncinata 

Myelochroa aurulentam Ulota coarctata 

Parmelia squarrosafm Ulota crispa 

Parmelia sulcatafm Zygodon rupestris 

Parmeliopsis ambiguaf  

Parmeliopsis capitataf  

Parmeliopsis hyperoptaf  

Phaeophyscia pusilloidesm  

Phaeophyscia rubropulchram  

Physcia aipoliam  

Physcia milligranam  

Physconia grumosam  

Platismatia glaucaf  

Pseudovernia cladoniaf  

Punctelia rudectafm  

Pyxine sorediatam  

Usnea subfloridanaf  

Usnea_Salazinic/Usnicf  

Usnea_UsnicOnlyf  

Usnocetraria oaksianafm  

Vulpicida pinastrif  

For lichens, the superscript “m” indicates the species was observed on maples, 

and “f” firs. Only bryophytes on maples were included in this study. 
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Appendix A-S2 Description of thin layer chromatography methods for Usnea 

To account for within-genus variation in Usnea, a genus of lichens that are abundant on fir 

trees but difficult to identify to the species-level when poorly developed, which many were, 

we used thin layer chromatography (TLC) to separate individuals into chemical groups. 

Specifically, we collected Usneas that were longer than 2.5 cm and had at least two branches 

from the survey quadrants. These dimensions allowed us to have enough material to run TLC 

at least once, and second time if further chemical verification was needed. We noted Usneas 

smaller than this size, but because they were impossible to identify and were not large enough 

for TLC, we did not include them in our study. From our TLC analyses, we identified three 

chemical groups of Usneas in our study area: (i) usnic/salazinic acid (ii) usnic acid only, and 

(iii) usnic/squamatic acid. The only known species of Usnea with squamatic acid in Eastern 

Canada (Brodo et al., 2001; Hinds & Hinds, 2007) is Usnea subfloridiana, so we included all 

our Usnea samples with squamatic acid as U. subfloridiana. 
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Appendix A-S3 Detailed description of methods and results for environmental 

variables 

Here we explain our supplementary questions concerning environmental variables: (i) How 

does air humidity and air temperature vary along the elevation gradient? (ii) How does bark 

surface temperature and moisture vary around the trunk of maple and fir trees? (iii) Are the 

environmental contrasts among the sides of maples and firs different?  We predicted that:  

Relative air humidity would increase, and air temperature would decrease along the elevation 

gradient. (This was largely to confirm well-known patterns.) 

For firs, surface bark temperature would be lowest and moisture would be greatest on the north 

side of the tree, with the opposite pattern for the south side (highest temperature and the least 

moisture). East and west will be intermediates.  

For maples, the upper side of the tree trunk would have a greater bark surface temperature and 

higher moisture than the lower side. The magnitude of these contrasts would increase with 

inclination. 

The environmental contrasts would be greater among the sides of a maple tree than among 

sides of firs.  

METHODS 

Environmental variables data collection 



 

 

149 

We measured several environmental variables known to affect lichens and bryophytes (Green 

et al. 1995, Green et al. 2011, Hauck, 2011). At the site level, we used hobo data loggers 

(HOBO pro v2 Temp/RH; Onset Corporation) to measure air temperature and relative 

humidity (RH) from 01 July 2019 to 30 June 2020 across the elevation gradient. Finally, we 

averaged the output of the loggers for each of the five elevation bands.  

On individual trees, we recorded bark surface temperatures and moisture content on each side. 

We recorded bark surface temperatures approximately 10 times for each tree from June-August 

2020, using a Fluke 62 max+ hand-held infrared heat-sensor thermometer. We measured bark 

moisture content by collecting one 2 × 5 × 0.01 cm sample of bark from each side of each tree 

on 15 September 2020. We sealed and stored the samples in a refrigerator for no more than 

one week, after which we recorded the wet mass using a digital scale (Ottawa pioneer). We 

dried the samples in a drying oven for 72 hours at 50 ℃ and weighed again. We collected the 

bark temperature and moisture data after completing the community surveys, at which time we 

were unable to access three trees either because they had fallen or because other trees had fallen 

and completely blocked access. Therefore, we did not include these trees in the analyses of 

environmental variables.  

Environmental variables statistics 

We used a linear model to assess temperature patterns related to elevation. In this model, we 

included elevation and season as predictor variables. To model relative air humidity, we used 

generalized linear mixed effects models with the beta family of link functions (GLMMs; 

package glmmTMB; v. 1.0.2.1; Brooks et al., 2017) For GLMMs, the beta family of link 

functions cannot accept 0s and 1s; Therefore, we transformed these data prior to analysis. We 

chose the logit transformation because it is a widely used transformation for continuous 

proportion data (Douma & Weedon, 2019). 
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We used our bark surface temperature and moisture data to test whether greater tree bole 

inclination (maples) or higher elevations (firs) leads to a stronger contrast in temperature 

among the sides of a tree bole, as described in the predictions.  

Given considerable variation in bark surface temperature throughout a given day or month, to 

focus specifically on differences among bole positions, we calculated the temperature of a 

given side as the difference from the mean temperature across the four sides on a given day 

and time. We then tested for differences among sides for maples and firs separately using linear 

mixed effects models (LMMs). For the maple model, we included side and the interaction 

between side and inclination. We accounted for heteroscedasticity associated with inclination 

using the “dispformula” option in the R package glmmTMB (Brooks et al., 2017). For the fir 

model, we included side only. For both models, “tree side” (a given side on a given tree, for 

which there were multiple measurements) was included as a random effect to account for 

higher or lower measurements that were consistent across all observations (e.g., a particular 

side of a tree is always shadier than another because of an overhanging branch from another 

tree). 

To quantify percent surface bark moisture content, we used the following equation: 

100 * [(fresh mass (g) – dry mass (g) )/fresh mass (g) )] 

We then tested for differences among sides for maples and firs separately using Generalized 

linear mixed effects models (GLMMs). For the maple model, we included side, inclination, 

and the interaction between side and inclination. For the fir model, we included aspect and 

elevation. For both models, we included “tree” as a random effect. 



 

 

151 

For significant models, we used a post-hoc test (function emmeans from the emmeans package 

in R) to compare the differences among sides, which accounts for interactions. 

To test whether the environmental contrasts (relating to bark surface temperature and moisture) 

were different between maples and firs, we compared the coefficient of variation (within trees) 

for each variable. We then tested for differences among maples and firs using an LMM for 

bark temperature and a linear model for bark moisture. In both models the coefficient of 

variation was the response variable, and the tree species was the predictor variable. We 

included tree as a random factor in the model for bark surface temperature. Data were log 

transformed prior to analysis. 

RESULTS 

Site level environmental variables 

Our models indicated that temperature decreased linearly with elevation across all seasons 

(Fig. A-S3.1; Table A-S3.2). Overall, the annual average difference in temperature between 

the low elevation maple forest (mean elevation 725 m) and the high elevation coniferous forest 

(mean elevation 980 m) was 2.1 ℃ (Table A-S3.1). The annual average difference in 

temperature between the low elevation maple forest and the transition zone (0.8 ℃; mean 

elevation 830 m) was smaller than the average difference in temperature between the transition 

zone and the high elevation coniferous forest (1.4 ℃; Table A-S3.1).  

We found that relative humidity increased with elevation in the fall, winter, and spring, but not 

the summer (Fig. A-S3.2; Table A-S3.2). During the spring, the highest elevation was the only 

site to have an average relative humidity of > 82% and in the fall the only one to have > 95% 
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(Table A-S3.1). Over the course of one-year, high elevations had 43 more days with an average 

RH over 82% than the lower elevation (Table A-S3.1).  

Tree-level environmental variables 

Bark surface temperature and moisture content varied among sides for maples but only surface 

temperature varied on firs. For maples, we found a significant interaction between side and 

inclination for both temperature and moisture, indicating that the upper sides of maple tree 

boles tended to be cooler and moister than the intermediate and lower sides (Table AS3.2, Figs. 

A-S3.3- A-S3.4).  For firs, aspect did significantly predict surface temperature (Table A-S3.2), 

with north having the lowest temperatures and south the highest (Fig. A-S3.5). We observed 

significant differences among all sides except for east and west (least squared means pairwise 

test p=0.72) and east and south (p=0.06). Our results for fir bark moisture were insignificant, 

indicating that moisture did not vary according to aspect (Table A-S3.2). 

Coefficient of variation 

Our coefficient of variation models confirmed that the contrasts in bark moisture and 

temperature are significantly different between maples and firs (Table A-S3.2). The average 

coefficient of variation for bark moisture content was greater on maples (0.19) than on firs 

(0.13). On the other hand, the average coefficient of variation for bark surface temperature was 

smaller on maples (0.03) than on firs (0.05). 
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Figure A-S3.1  Modeled average air temperature by elevation and season for 01 July 2019 

– 30 June 2020.  

Sugar maple trees were sampled from the lowest elevation (orange) up to the 

transition zone (yellow), while balsam fir trees were sampled from the transition 

zone to the highest elevation (blue). Error bars show 95% confidence intervals. 
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Figure A-S3.2  Modeled average air relative humidity by elevation and season for 01 July 

2019 – 30 June 2020.  

The dash line at 0.82 represents the point where studies have indicated (Phinney 

et al. 2019) that the air is humid enough for lichens to use the moisture for 

photosynthesis. Sugar maple trees were sampled from the lowest elevation 

(orange) up to the transition zone (yellow), while balsam fir trees were sampled 

from the transition zone to the highest elevation (blue). Error bars show 95% 

confidence intervals. 
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Figure A-S3.3  Maple bark moisture content relating to position on the tree bole and 

inclination.  

The lines and confidence intervals represent the modeled data, and the points 

represent the raw data values. 
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Figure A-S3.4  Maple bark surface temperature relating to position on the tree bole.  

The lines represent the modeled data, and the points represent the raw data 

values.  
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Figure A-S3.5  Fir bark surface temperature relating to aspect on the tree bole. 

The bars and 95% confidence intervals represent the modeled data, and the 

points represent the raw data values.  
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Table A-S3.1 Average air temperature and relative humidity in different seasons and 

elevations.  

Temperature (℃) 

Forest Type Low Maple  Mid Maple Transition 

Mid  

Conifer 

High  

Conifer 

 

Avg. Elevation (m) 725 750 830 875 980 

Winter -7.6 -7.7 -8.4 -8.7 -9.6 

Spring 2.2 2.1 1.1 0.7 -0.7 

Summer 16.0 15.8 15.5 15.4 14.4 

Fall 4.3 4.1 3.5 3.3 2.3 

Yearly average 3.8 3.6 3 2.6 1.6 

RH (%) 

Winter 0.92 0.92 0.95 0.95 0.98 

Spring 0.74 0.75 0.78 0.79 0.83 

Summer 0.84 0.83 0.83 0.83 0.85 

Fall 0.91 0.91 0.92 0.93 0.95 

Yearly average 0.85 0.85 0.87 0.87 0.9 

 Number of day with average RH 82% or greater 

Winter 80 85 88 89 91 

Spring 35 39 46 46 50 

Summer 49 47 52 49 58 

Fall 76 76 81 80 84 

Yearly sum 240 247 267 264 283 

Time range: 1 June 2019 to 30 July 2020 
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Table A-S3.2 Results of linear mixed-effect models* and generalized linear mixed effects models** predicting site and tree 

level environmental variables. 

Model Spatial scale Effect df F p 

Air temperature 

 

Site-level 

 

Elevation 1 27.36 <0.001 

Season 3 1150.26 <0.001 

 df χ2 p 

Air relative humidity 

 

Site-level 

 

Elevation 1 15.13 <0.001 

Season 3 584.69 <0.001 

Elevation:Season 3 9.17 0.02 

Maple bark moisture content 

 

Tree-level 

 

Bole position 2 7.74 0.02 

Inclination 1 15.33 <0.001 

Bole position: Inclination 2 17.00 <0.001 

Fir bark moisture content 

 

Tree-level 

 

Bole aspect 3 3.67 0.30 

Elevation 1 0.80 0.37 

Maple bark surface temperature 

 

Tree-level 

 

 df F p 

Bole position 2 1.25 0.30 

Fir bark surface temperature Tree-level Inclination:Bole position 3 3.92 0.01 
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Table A-S3.2  continued 

Bark surface temperature coefficient of 

variation 
Tree-level Bole aspect 3 20.69 <0.001 

Bark moisture content coefficient of 

variation 
Tree-level 

Tree species (maple or fir) 1 6.58 0.01 

Tree species (maple or fir) 1 4.96 0.03 

* Package LMER, F statistics **package glmmTMB, χ2 statistics 
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Appendix A-S4 Diversity and composition analyzes for lichens on firs without the 

highest elevation site at >1000m 

Given that the balsam fir transects covered a greater elevational range than the sugar maple 

transects and could produce a stronger elevation signal, we repeated the key diversity and 

composition analyzes for lichens on firs without the highest elevation site at >1000m. The 

remaining gradient started at 825 m and ended at 940 m, an altitudinal difference of 115 m 

(closely comparable to the 110 for maples). We also ran a second LMER for lichens on maples, 

following the same structure as in the model for lichens on firs (alpha diversity as the response 

variable, elevation as the predictor variable and site as the random effect.) for direct 

comparability. We found a modest increase in the p-value for the diversity of lichens on firs as 

predicted by elevation (df=1, F=5.1, p=0.09), but qualitatively the same positive trend for the 

narrower elevational range (825-940 m; Fig. 2.2a). In contrast, consistent with the original 

model, for lichens on maples the simple alpha diversity vs. elevation model showed no trend 

at all (Fig. A-S4.1; F=0.311, p=0.6). The composition analyses for lichens on firs along the 

shorter 115 m transect remained strongly significant (df=1, f=7.7, p=0.001), with elevation still 

accounting for 21% of the variance (compared to 29% for the full transect model; Table 2.3). 
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Figure A-S4.1 Linear mixed effects model showing the relationships between elevation 

and tree-level alpha diversity of lichens on maple trees.  

The line shows modeled predictions with 95% confidence intervals. The dashed 

line indicated that the model is insignificant (p=0.6). The points represent the 

raw alpha diversity values for each tree. We used the Hill-number version of 

Shannon diversity index. 
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Appendix A-S5 LMERs and GLMERs results with tree and side level alpha diversity as the response variable. 

Model Spatial scale Effect df F p 

Lichens on firs Tree-level Elevation 1 15.41 0.02 

Lichens on firs Side-level 
Aspect 3 0.34 0.8 

Elevation 1 41.39 <0.001 

Lichens and bryophytes on maples Tree-level 

Taxon 1 1.06 0.31 

Elevation 1 0.58 0.49 

Inclination 1 0.05 0.83 

Elevation: Taxon 1 1.01 0.32 

Inclination:Taxon 1 20.34 <0.001 

 df χ2 p 

Lichens and bryophytes on maples Side-level Bole position 2 2.34 0.31 
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Appendix A-S5  continued 

Lichens and bryophytes on maples 

(continued) 

Side-level 

(continued) 

Inclination 1 0.60 0.44 

Taxon 1 56.39 <0.001 

Taxon:Bole position 2 11.31 0.003 
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Appendix A-S6 Results of CCA predicting tree-level composition as a function of elevation and inclination.  

  Elevation only Inclination only Inclination and Elevation 

Community  

Total 

inertia Var. (%) F p Var. (%) F p Var. (%) F p 

Lichens on firs 1.29 29 14.10 0.001        

Lichens on maples 2.04 6 2.24 0.02           5 1.78 0.07 11 2.13 0.007 

Bryophytes on maples 1.52 6.7 2.48 0.004         12 4.61 0.001 19.5 4.00 0.001 

The full model and the effect of elevation are the same for lichens on firs because there is only one predictor variable 

in this model. 
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Appendix A-S7 Detailed whole tree-level and side-level beta diversity results 

Table A-S7.1 Results of analyses of multivariate dispersion, testing for differences in 

beta diversity. 

Model Spatial grain df F p 

Lichens on firs 

Tree-level  

  5 0.34 0.87 

Lichens on maples  5 3.04 0.02 

Bryophytes on maples  5 0.79 0.55 

 

Lichens on firs 

Side-level 

  3 1.11 0.34 

Lichens on maples  2 1.37 0.27 

Bryophytes on maples  2 0.97 0.38 

Tree-level (effect of elevation): beta diversity was calculated among trees 

within plots, and then compared among plots at different elevations. Side-level 

(effect of side): beta diversity was calculated among all trees for a given side of 

the tree, and then compared among sides.  
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Figure A-S7.1  The distance from the centroid for each site along the elevation gradient 

for each of the three community components.  

The distance from the centroid is a measure of beta diversity, see the betadisp 

function in Oksanen et al. 2013 for details. Only the results for lichens on maples 

were significant. 
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Appendix A-S8 Results of PERMANOVA testing for differences in species 

composition among different sides of a tree. 

Community df F p R2 

Lichens on firs 3 0.97 0.44 0.02 

Lichens on maples 2 1.65 0.06 0.02 

Bryophytes on maples 2 2.35 0.01 0.03 
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APPENDIX B 

SUPPLEMENTARY MATERIALS FOR CHAPTER 3 

Appendix B-S1 Description of lichen and bryophyte traits 

Taxon Category Trait Description 

Lichen 

Primary 

growth form* 

Narrow-lobed foliose 

(FoN) 

Flat thallus that has a distinctive upper and lower 

surface. Lobes typically < 3mm in width. 

Broad-lobed foliose 

(FoB) 

Flat thallus that has a distinctive upper and lower 

surface. Lobes typically > 3mm in width. 

Fruticose (Fru) 
Long, thin thalli that are either erect or pendant, with 

no distinction between the upper and lower surface 

Primary 

reproductive 

mode** 

Ascospores (Asc) 

Disk or cup-like fruiting bodies produced by the 

mushroom part of the lichen that contain spores for 

sexual reproduction 

Soredia (Sor) 

Tiny, globular clusters containing algae and hypae that 

aid in vegetative reproduction and are easily 

transported wind, water, or animals. 
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Appendix B-S1 continued 

Lichen 

(continued) 

Primary 

reproductive 

mode 

(continued) 

Isidia (Isi) 

Finger-like projections covered by the cortex that aid 

in vegetative reproduction but are heavier than soredia 

and likely transported by invertibrates but not the 

wind. 

Photobiont** 

Asterochloris (Ast) 

A unicellular green algae with a deeply incised 

chloroplast and assumes a parietal position before 

protoplast division. 

Chlorococcoid (Chl) Algae that has a coccoid (sphere-like) shape. 

Myrmecia (Myr) Cup-shaped chloroplasts 

Trebouxia (Tre) 
A unicellular green algae that is globulose with a 

single, central chloroplast. 

Secondary 

metabolites** 

Cortex depsides 

(CoD) 

Contains compounds in the cortex only in the depside 

class (atranorin/chloroatranorin, barbatic, barbatolic, 

divaricatic, gyrophoric, lecanoric, merochlorophaeic, 

olivetoric, squamatic, or thamnolic acid) 
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Appendix B-S1  continued 

Lichens 

(continued) 

Secondary 

metabolites** 

(continued) 

Medulla depsidones 

(MeD) 

 

Contains compounds in the medulla only in the 

depsidone class (a-collatolic alectoronic, 

fumarprotocetraric/protocentraric, physodalic, 

physodic/3-hydroxyphysodic, salazinic, consalazinic, 

stictic, norstictic, or variolaric acid) 

 

Aliphatic (Ali) 

Contains compounds anywhere in the lichen in the 

aliphatic class (caperatic acid, 

lichesterinic/protolichesterinic acid) 

Bisanthraquinone 

(Bis) 

Contains compounds anywhere in the lichen in the 

bisanthraquinone class (skyrin) 

Bisxanthone (Bix) 
Contains compounds anywhere in the lichen in the 

bisxanthone class (secalonic A acid) 

Usnic (Usn) Contains usnic acid anywhere in the lichen. 

Triterpenoids (Tri) 
Contains compounds anywhere in the lichen in the 

triterpenoid class (leucotylic acid or zeorin) 



 

 

 

 

172 

Bryophytes 

Primary 

reproductive 

mode* 

Sexual reproduction 

(Sex) 
Reproduces principally by spores. 

Group* Liverwort (Liv) In the phylum marchantiophyta. 

Life form* 

Cushion (Cus) 

Dome-shaped colonies formed by variously-oriented 

shoots with a central origin. One species with a turf 

form (Z. rupestris) was included in this group due to 

functional similarity. 

Fan (Fan) 
Shoots arising from vertical bark or rock, branching 

repeatedly in horizontal plane 

Rough mat (RoM) 
Shoots creeping substratum, having numerous erect 

lateral branches 

Smooth mat (SmM) 
Shoots that creep over substratum, having leafy 

branches that generally lie flat 

Tuft (Tuft) 
Forming loose cushions not necessarily of central 

origin 

NOTE: The following traits were observed but not analysed due to lack of statistical power for bryophytes: weft 

growth form; for lichens: fragmentation as the primary mode of reproduction, the secondary metabolites pulvinic, 

terpenes, and the photobionts dictyochloropsis and nostoc. *trait mutually exclusive, **trait non-mutually exclusive. 
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Appendix B-S2 Traits attributed to lichens  

Lichen species 

Tree 

species 

Primary 

growth form13 

Primary 

reproductive 

mode(s) 

Primary 

photobiont(s) 

Cortex 

depsides 

present 

Medullary 

depsidone

s present 

Primary 

secondary 

metabolite(s) 

Alectoria sarmentosa6,10 Fir Fruticose Ascospores Trebouxia 0 1 

Depsidones, 

usnic acid 

Bryoria furcellata6,10 Fir Fruticose Soredia, isidia Trebouxia 0 1 Depsidones 

Bryoria fuscescens10 Fir Fruticose Soredia Trebouxia 0 1 Depsidones 

Bryoria nadvornikiana6,10 Fir Fruticose Soredia Trebouxia 0 0 Depsides 

Bryoria trichodes6,10 Fir Fruticose Fragments* Trebouxia 0 1 Depsidones 

Candelaria concolor6,10,12 Maples 

Narrow-lobed 

foliose Soredia Chlorococcoid 0 0 Pulvinic acid* 

Cetrelia chicitae1,6,10 Maples 

Broad-lobed 

foliose Soredia Trebouxia 1 1 

Depsides, 

depsidones 

Cetrelia olivetorum6,10 Maples 

Broad-lobed 

foliose Soredia Trebouxia 1 0 Depsides 

Cladonia chlorophaea 

group6,9,11 Fir Fruticose Soredia Asterochloris 1 0 

Depsides, 

depsidones 

 



 

 

 

 

174 

Appendix B-S2  continued 

Cladonia macilenta var. 

bacillaris8,9,10,11 Fir Fruticose Ascospores  Asterochloris 1 0 Depsides 

Cladonia 

ochrochlora69,10,11 Fir Fruticose Ascospores Asterochloris 0 0 Depsidones 

Cladonia squamosa6,9,11 Fir Fruticose Ascospores  Asterochloris 1 0 Depsides  

Evernia mesomorpha1,3,6,9 Fir Fruticose Soredia Chlorococcoid 0 0 

Depsides, 

usnic acid 

Hypogymnia krogiae6,10,12 Fir 

Narrow-lobed 

foliose Ascospores Trebouxia 1 1 

Depsides, 

depsidones 

Hypogymnia 

physodes10,12 Fir 

Narrow-lobed 

foliose Soredia Trebouxia 1 1 

Depsides, 

depsidones 

Hypogymnia vittata1,6,10 Fir 

Narrow-lobed 

foliose Soredia Trebouxia 1 1 

Depsides, 

depsidones 

Imshaugia aleurites10 Fir 

Narrow-lobed 

foliose Isidia 

Trebouxia or 

Myrmecia  1 0 Depsides 

Lobaria pulmonaria6,7,11 Maple 

Broad-lobed 

foliose Soredia 

Dictyochloropsis

* and nostoc* 1 1 

Depsides, 

depsidones 
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Appendix B-S2  continued 

Ricasolia quercizans6,7,11 Maple 

Broad-lobed 

foliose Ascospores 

Trebouxia and 

nostoc* 1 0 Depsides 

Melanelixia fuliginosa10,11 Fir 

Narrow-lobed 

foliose Isidia Trebouxia 0 0 Depsides 

Melanelixia subaurifera10 Both 

Broad-lobed 

foliose Soredia, isidia Trebouxia 0 0 Depsides 

Melanohalea 

exaperata1,10,11 Maple 

Broad-lobed 

foliose Ascospores Trebouxia 0 0 None 

Melanohalea halei6 Both 

Broad-lobed 

foliose Ascospores Trebouxia 0 1 Depsidones 

Myelochroa aurulenta11 Maple 

Broad-lobed 

foliose Soredia Trebouxia 1 0 

Bisxanthones, 

depsides, 

triterpenoids 

Parmelia squarrosa6,10 Both 

Broad-lobed 

foliose Isidia Trebouxia 1 1 

Depsides, 

depsidones 

Parmelia sulcata6,10 Both 

Broad-lobed 

foliose Soredia Trebouxia 1 1 

Depsides, 

depsidones 
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Appendix B-S2  continued 

Parmeliopsis ambigua6,10 Fir 

Narrow-lobed 

foliose Soredia Trebouxia 0 0 

Depsides, 

usnic acid 

Parmeliopsis capitata6,10 Fir 

Narrow-lobed 

foliose Soredia Trebouxia 0 0 

Depsides, 

usnic acid 

Parmeliopsis hyperopta10 Fir 

Narrow-lobed 

foliose Soredia Trebouxia 1 0 Depsides 

Phaeophyscia pusilloides6 Maple 

Narrow-lobed 

foliose Soredia Trebouxia 0 0 None 

Phaeophyscia 

rubropulchra6 Maple 

Narrow-lobed 

foliose Ascospores Trebouxia 0 0 

Bisanthraquino

ne 

Physcia aipolia10 Maple Narrow-lobed 

foliose 

Ascospores Trebouxia 1 0 Depsides, 

triterpenoids 

Physcia milligrana6,9,10 Maple Narrow-lobed 

foliose 

Ascospores Trebouxia 1 0 Depsides 

Physconia grumosa4,5,10 Maple Narrow-lobed 

foliose 

Isidia Trebouxia 0 0 Depsidones 

Platismatia glauca6,10 Fir Broad-lobed 

foliose 

Soredia, isidia Chlorococcoid 1 0 Aliphatic, 

depsides 
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Appendix B-S2  continued 

Pseudovernia 

cladonia2,6,10 

Fir Fruticose Fragmentation

* 

Trebouxia 1 0 Depsides 

Punctelia rudeckta6,10 Both Broad-lobed 

foliose 

Isidia Trebouxia 1 0 Depsides 

Pyxine sorediata6,10 Maple Broad-lobed 

foliose 

Soredia Trebouxia 1 0 Depsides, 

terpenes 

Usnea subfloridiana6,10 Fir Fruticose Soredia, isidia Trebouxia 0 0 Depsides, 

usnic acid 

Usnea_Salazinic/Usnic5,6,

10 

Fir Fruticose Soredia, isidia Trebouxia 0 1 Depsidones, 

usnic acid 

Usnea_UsnicOnly10 Fir Fruticose Soredia, isidia Trebouxia 0 0 Usnic acid 

Usneacetraria oaksiana6 Both Broad-lobed 

foliose 

Soredia Trebouxia 0 0 Aliphatic, 

bisanthraquino

ne, usnic acid 

Vulpicidia pinastri6,10 Fir Narrow-lobed 

foliose 

Soredia Trebouxia 0 0 Pulvinic acid* 

and usnic acid 

NOTE: The superscript numbers refer to the references used for trait information (below). * indicates that a trait was 

observed but not analyzed due to lack of statistical power. 
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Appendix B-S3 Traits attributed to bryophytes 

Bryophyte species 

Sexual 

reproduction  Liverwort Life form 

Brachythecium c.f. laetum 1 0 Rough mat 

Brachythecium campestre 1 0 Rough mat 

Brachythecium rotaeanum 1 0 Rough mat 

Dicranum viride 0 0 Cushion 

Frullania eboracensis 1 1 Smooth mat 

Hygroamblysteigium varium 1 0 Rough mat 

Hypnum pallescens 1 0 Smooth mat 

Leucodon sciuroides 0 0 Fan 

Neckera pennata 1 0 Fan 

Orthotrichum c.f. sordidium 1 0 Cushion 

Orthotrichum obtusifolium 0 0 Cushion 

Orthotrichum ohioensis 1 0 Cushion 

Orthotrichum stellatum 1 0 Cushion 

Plagiomnium cuspidatum 1 0 Tuft 

Platydictya subtilis 1 0 Smooth mat 

Platygerium repens 0 0 Smooth mat 

Porella platyphylla 1 1 Fan 

Leskella nervousa 0 0 Smooth mat 

Ptilidium pulcherrimum 1 1 Weft* 

Pylaisia c.f. polyantha 1 0 Rough mat 

Pylaisia intricata 1 0 Rough mat 

Radula complanata 1 1 Smooth mat 

Sanionia uncinata 1 0 Weft* 
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Appendix B-S3  continued 

Ulota coarctata 1 0 Cushion 

Ulota crispa 1 0 Cushion 

Zygodon rupestris 0 0 Cushion** 

NOTE: The superscript numbers refer to the references used for trait 

information (See appendix 2). * indicates that a trait was observed but not 

analyzed due to lack of statistical power. **Z. rupestris has a turf life form, but 

due to functionally similarity, was grouped with the cushions. 

Bryophyte trait references  

Faubert, J. (2013) Flore des bryophytes du Québec et Labrador, volume 2: Mousses, première 

partie. Saint Valérien, Québec, 2013. Société québécoise de bryologie, 402 p. 

Henriques, D. S., Ah-Peng, C., & Gabriel, R. (2017a). Structure and applications of 

BRYOTRAIT-AZO, a trait database for Azorean bryophytes. Cryptogamie, Bryologie, 38(2), 

137-152. https://doi.org/10.7872/cryb/v38.iss2.2017.137 

Fenton, Nicole. (2020) Personal communication. 
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Appendix B-S4 Whole-tree results of generalized linear mixed effects models. 

Table B-S4.1 Whole-tree results of generalized linear mixed effects models predicting community-weighted mean trait 

values for elevation and inclination. 

Community Trait Predictor variable Model χ2 Df p 

Lichens on firs 

Ascospores 

Elevation 

 

Binomial 3.24 1 0.07 

Soredia GLMM 4.89 1 0.03 

Isidia GLMM 14.67 1 <0.001 

Cortex depsides GLMM 4.20 1 0.04 

Medulla depsidones GLMM 3.34 1 0.07 

Usnic acid GLMM 7.66 1 0.005 

Aliphatic GLMMe 8.36 1 0.004 

Bisxanthone GLMM 19.08 1 <0.001 

Fruticose GLMM 86.70 1 <0.001 

Narrow-lobed foliose GLMM 0.06 1 0.81 

Broad-lobed foliose GLMM 8.28 1 0.004 
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Table B-S4.1  continued 

Lichens on firs 

(continued) 

Asterochloris 

Elevation 

 

Binomial 8.96 1 0.002 

Chlorococcoid GLMM 5.96 1 0.02 

Myrmecia Binomial 1.13 1 0.28 

Trebouxia GLMM 9.67 1 0.002 

Lichens on maples 

Ascospores 
Elevation 

GLMM 
0.12 1 0.73 

Inclination 14.83 1 <0.001 

Soredia 
Elevation 

GLMM 
0.39 1 0.53 

Inclination 9.78 1 0.002 

Isidia 
Elevation 

GLMM 
0.46 1 0.49 

Inclination 8.59 1 0.003 

Cortex depsides 
Elevation 

GLMM 
0.03 1 0.86 

Inclination 5.22 1 0.02 

Medulla depsidones 
Elevation 

GLMM 
1.14 1 0.29 

Inclination 3.25 1 0.07 

Bisanthraquinone Elevation GLMM 0.11 1 0.74 
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Table B-S4.1  continued 

Lichens on maples 

(continued) 

Bisanthraquinone Inclination  8.44 1 0.004 

Bisxanthone-triterpenoids Elevation 
GLMM 

10.37 1 0.001 

 Inclination 3.10 1 0.08 

Broad-lobed foliose Elevation 
GLMM 

0.00 1 0.98 

 Inclination 10.70 1 0.001 

Bryophytes on maples 

Cushion 
Elevation 

GLMM 
2.82 1 0.1 

Inclination 0.04 1 0.8 

Fan 
Elevation 

GLMM 
2.30 1 0.13 

Inclination 6.08 1 0.01 

Rough mat 
Elevation 

GLMM 
0.90 1 0.34 

Inclination 28.80 1 < 0.001 

Smooth mat 
Elevation 

GLMM 
2.88 1 0.09 

Inclination 0.11 1 0.73 

Tuft Elevation GLMMe 10.05 1 0.001 

 



 

 

 

 

184 

Table B-S4.1  continued 

Bryophytes on maples 

(continued) 

Tuft Inclination GLMMe 1.44 1 0.23 

Liverwort 
Elevation 

GLMM 
21.23 1 <0.001 

Inclination 20.33 1 <0.001 

Sexual reproduction 
Elevation 

GLMM 
9.50 1 0.002 

Inclination 5.97 1 0.01 

In the column “model”, a superscript of "e" (elevation) or "i" (inclination) indicated that this variable was included in 

the “dispformula” option to account for heteroscedasticity. 
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Figure B-S4.1 Results of generalized linear mixed effects models predicting community-weighted mean trait 

values (CWM) for lichen trait on firs without an a priori hypothesis 
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Figure B-S4.2  Results of generalized linear mixed effects models predicting community-

weighted mean trait values (CWMs) for lichen trait on maples without an 

a priori hypothesis. 
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Appendix B-S5 Within-tree results of generalized linear mixed effects models  

Table B-S5.1 Within-tree results of generalized linear mixed effects models predicting community-weighted mean trait 

values (CWM) for aspect and surface position. 

Community Trait Predictor variable Model χ2 Df p 

Lichens on firs 

Ascospores 

 

Aspect Binomial 

 

1.59 3 0.66 

Elevation 8.83 1 0.003 

Soredia 

 

Aspect GLMM 

 

1.15 3 0.76 

Elevation 21.9 1 <0.001 

Isidia 

 

Aspect GLMM 

 

1.1 3 0.7775 

Elevation 37.71 1 <0.001 

Cortex depsides 

 

Aspect GLMM 

 

8.02 3 0.05 

Elevation 14.22 1 <0.001 

Medulla depsidones 

 

Aspect GLMMe 

 

14.89 3 0.002 

Elevation 16.43 1 <0.001 
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Table B-S5.1  continued 

Lichens on firs 

(continued) 

Usnic acid 

 

Aspect GLMM 

 

7.86 3 0.05 

Elevation 25.46 1 <0.001 

Fruticose 

 

Aspect GLMM 

 

14.73 3 0.002 

Elevation 142.6 1 <0.001 

Narrow-lobed foliose 

 

Aspect GLMM 

 

10.7 3 0.02 

Elevation 1.74 1 0.19 

Broad-lobed foliose 

 

Aspect GLMM 

 

14.35 3 0.003 

Elevation 42.28 1 <0.001 

Lichens on maples 

Ascospores 

 

Side 

GLMM 

 

7.67 2 0.02 

Inclination 2.72 1 0.1 

Side:Inclination 4.27 2 0.11 

Soredia 
Side 

GLMM 
13.44 2 0.002 

Inclination 2.98 1 0.08 



 

 

 

 

189 

Table B-S5.1  continued 

Lichens on maples 

(continued) 

Soredia (continued) Side:Inclination GLMM 7.90 2 0.02 

Isidia 

 

Side 

GLMM 

 

2.91 2 0.23 

Inclination 3.79 1 0.05 

Side:Inclination 1.22 2 0.54 

Cortex depsides 

 

Side 

GLMM 

 

0.36 2 0.83 

Inclination 3.32 1 0.07 

Side:Inclination 1.29 2 0.52 

Medulla depsidones 

 

Side 

Binomial 

 

1.93 2 0.38 

Inclination 1.26 1 0.26 

Side:Inclination 1.39 2 0.5 

Broad-lobed foliose 

 

Side 

GLMM 

 

7.67 2 0.02 

Inclination 4.77 1 0.03 

Side:Inclination 1.71 2 0.42 
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Table B-S5.1  continued 

Bryophytes on 

maples 

Cushion 

Side 

GLMM 

3.04 2 0.21 

Inclination 0.05 1 0.81 

Side:Inclination 5.71 2 0.06 

Fan 

Side 

GLMMi 

1.07 2 0.58 

Inclination 2.11 1 0.15 

Side:Inclination 1.44 2 0.49 

Rough mat 

Side 

GLMM 

9.02 2 0.01 

Inclination 29.91 1 < 0.001 

Side:Inclination 6.35 2 0.04 

Smooth mat 

Side 

GLMMi 

0.28 2 0.86 

Inclination 0.45 1 0.5 

Side:Inclination 2.85 2 0.23 

Tuft 
Side 

Binomial 
2.51 2 0.28 

Inclination 2.57 1 0.11 
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Table B-S5.1  continued 

Bryophytes on 

maples  

(continued) 

Tuft (continued) Side:Inclination Binomial 0.42 2 0.81 

Liverwort 

Side 

GLMM 

12.91 2 0.002 

Inclination 5.11 1 0.02 

Side:Inclination 5.61 2 0.06 

Sexual reproduction 

Side 
GLMM 

12.86 2 0.001 

Inclination 0.88 1 0.35 

Side:Inclination  0.05 2 0.97 

In the column “model”, a superscript of "e" (elevation) or "i" (inclination) indicated that this variable was included in 

the “dispformula” option to account for heteroscedasticity.
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Figure B-S5.1 Results of generalized linear mixed effects models predicting community-weighted mean trait values 

(CWMs) for lichen trait on firs at the side-level.  

The means that do not share any letters are significantly different by the Sidak pairwise comparison test at the 5% 

level of significance. 
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Figure B-S5.2 Results of generalized linear mixed effects models predicting community-weighted mean trait values 

(CWMs) for lichen trait on maples at the side-level.  

The means that do not share any letters are significantly different by the Sidak pairwise comparison test at the 5% 

level of significance. 
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Figure B-S5.3 Results of generalized linear mixed effects models predicting community-weighted mean trait values 

(CWMs) for bryophyte trait on maples at the side-level.  

The means that do not share any letters are significantly different by the Sidak pairwise comparison test at the 5% 

level of significance.  
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APPENDIX C 

SUPPLEMENTARY MATERIALS FOR CHAPTER 4 

Appendix C-S1 Additional images of study site and methods 

 

Figure C-S1.1  Photos showing clear conditions (left) and the cloud base (right) of the 

summit of Mount St. Joseph. 
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Figure C-S1.2  Photographing a Pseudevernia cladonia transplant. 
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Figure C-S1.3 An example of a transplant photographed three times during the first monitoring period on July 9th, 2019.  

The photo on the left was taken at 0o, the center at 45o, and the right at 135o. 
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Figure C-S1.4  Photos illustrating some of the qualitative changes observed during the 

experiment.  

The top panel shows a transplant at the beyond site at the beginning of the 

experiment—upright and white (a) and after a year—downturned with tan 

discolorations (b). In contrast, the bottom panel shows a transplant at the within 

site that changed very little from the beginning of the experiment (c) and after 

2-years (d).  
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Figure C-S1.5  An example of the digital point frame used to assess changes in the size of 

the transplant. 
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APPENDIX D 

SUPPLEMENTARY MATERIALS FOR CHAPTER 5 

Appendix D-S1 Zygodon rupestris observation at Mont Mégantic 

I observed Zygodon rupestris during a study examining the changes in community composition 

of arboreal lichens and bryophytes along an elevation gradient at Parc national du Mont-

Mégantic. I collected the specimen on May 12th 2019 on the mid-elevation slopes of Mont 

Saint Joseph in a mixed deciduous-coniferous forest dominated characterized by sugar maple 

(Acer saccharum), yellow birch (Betula allegheniensis) and balsam fir (Abies balsamea) Z. 

rupestris was found on an east-facing slope at an approximate elevation of 823 m. I collected 

it from the bole of a sugar maple on the east side of the tree, approximately 1.5 m above the 

ground.  Z. rupestris’ position relative to the lean of the tree was on the lower side of the bole.  

The maple bole had a lean of ~ 22o, measured with the clinometer on a compass. Additional 

cryptograms on this side of the tree bole were the bryophyte Frullania eboracensis, Leskella 

nervousa, Platygerium repens, and Pylaisia intricata, and the macrolichen Phaeophyscia 

pusilloides. Jennifer Doubt identified this specimen at the Canadian Museum of Nature in 

January 2020. 
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Figure D-S1.1 Zygodon rupestris 

(Left) the maple bole where Z. rupestris was collected. (middle) photograph of 

z. rupestris’ leaf cells and (right) gemmae. Center and left photos courtesy of 

Jennifer Doubt. 
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Appendix D-S2 New cryptogam observations at Mont-Mégantic 

This list contains observations of lichens and bryophytes that do not appear in the reports 

compiled for the park by Faubert (2014) and Lavoie (2016). *One record of E. catawbiense 

was collected at Parc National du Mont-Mégantic by S. Clayden and deposited at the New 

Brunswick Museum (Catalog #: NBM-FL-07173) but it not listed in Lavoie, 2016. **M. 

exasperata was noted as M. c.f. exasperata in Lavoie, 2016. We confirm its presence in the 

park. 

Lichens 

Amadinea punctata 

Arthonia helvola  

Bacidia subincompta 

Bryoria capillaris 

Bryoria fuscescens  

Bryoria trichodes spp. trichodes, 

Candelaria concolor 

Candelariella xanthostigma 

Dictyocatenulata alba 

Everniastrum catawbiense* 

Lecania croatica  

Lecanora allophana  

Lecanora glabrata 

Melanelia fuliginosa 

Melanohalea exasperata**  

Myelochroa aurulenta 

Pertusaria rubefacta 

Physcia aipolia 
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Physica millegrana 

Physconia grumosa 

Pseudevernia consocians 

Rinodina ascociscana 

Bryophytes 

Brachythecium c.f. laetum 

Brachythecium campestre 

Orthotrichum c.f. sordidium 

Orthotrichum obtusifolium 

Orthotrichum ohioensis 

Platydictya subtilis 

Platygerum repens 

Ptilidium pulcherrimum 

Pylaisia c.f. polyantha 
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