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Abstract 

Increasing habitat fragmentation and rapid global warming is changing the 

conditions for species populations and ecological communities around the 

world. This presents challenges for the maintenance of biodiversity and a 

dominant paradigm for conservation in fragmented habitats is given by 

island biogeography and metapopulation (or metacommunity) ecology.  

In this thesis I approach key concepts (area, connectivity and community 

assembly) in island biogeography and metacommunity ecology within the 

context of a dynamic land uplift archipelago. The presented work consists of 

two interwoven themes: (i) A methodological theme in which statistical 

approaches are developed to deal with the complexities of multispecies 

dynamic systems, and (ii) an applied theme dealing with community 

assembly and island biogeography of bryophytes on young land uplift 

islands. 

To describe island connectivity for entire species assemblages, an 

approach using functional principal component analysis (fPCA) on patch 

connectivity functions (the connectivity of an island as a continuous function 

of a variable representing the spatial scale of species dispersal capacities) 

was developed. In addition, a new statistical method, functional co-inertia 

analysis (fCoIA), for analyzing co-variation between multivariate species 

data and continuous functions was developed and applied to the relation 

between bryophyte species incidences and the island age/area-dynamics.  

Primarily asexual bryophyte species are dispersal limited and presence 

probabilities are related to island connectivity. No such patterns were found 

for species, at least occasionally, producing spores. Our results suggest that 

bryophyte dispersal is regulated by the contribution of spores to a regional 

spore rain and that bryophyte species with low spore output at the landscape 

level may be extra vulnerable under habitat fragmentation and loss. Having 

specialized asexual propagules increases the presence probabilities on 

islands, partly compensating for the dispersal limitation in asexual species. 

This suggests a trade-off between dispersal and establishment capacity, but 

also points to the importance of local dispersal for maintaining populations 

under the succession driven spatial turnover of microsites on the islands. 

Bryophyte colonization is strongly limited by habitat availability when a 

given habitats is rare, but there seems to exist a threshold over which other 

processes (e.g. dispersal limitation) become more important. Species with 

more vagile life history strategies appear to be stronger affected by the area 

of available habitats than many perennial species. 

 

Keywords: functional data analysis, metacommunity, isolation, mosses, 

liverworts, sporophyte production, dispersal-establishment trade-off. 
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Introduction 

The conservation context 

During the last centuries we have seen radical transformations of the 

landscapes in northern Fennoscandia. Old growth forests have been 

fragmented and turned into heavily managed short rotation plantations, 

wetlands have been drained to increase agricultural and silvicultural 

production and rivers and streams have been regulated for hydropower 

and/or modified for timber transport (Dynesius and Nilsson 1994, Törnlund 

and Östlund 2002, Chapin et al. 2007). This situation parallels the 

developments in many parts of the world  Foley et al. (2005) list habitat loss 

and fragmentation among the most severe threats to global biodiversity.  

 

In addition to the landscape transformations we see a rapid climate 

change. For the Arctic and bordering regions (including Fennoscandia), 

anthropogenic global warming is projected to raise annual mean 

temperature by 4-7°C resulting in tremendous  changes in the conditions for 

species and ecological communities (Hassol 2004). Both paleobiological 

records and projections from climate envelope models, show that we can 

expect range shifts in many species and that, while many species may suffer 

increased extinction risk, others may expand their ranges by colonizing new 

territories which are opened up by the warming. The possibility to migrate 

and track the changing climate differs among species and we may thus 

expect changes in community compositions as a consequence of climate 

change (Yurtsev 1997, Thomas et al. 2004, Willis and MacDonald 2011, Hof 

et al. 2012). 

 

For bryophytes (hornworts, liverworts and mosses), several of the 

environmental change processes (loss of coarse woody debris from forests, 

draining of mires, air pollution, eutrophication of fens), pose challenges to 

populations and communities (Söderström 2006). Many bryophytes are 

sparsely distributed and display relatively narrow habitat requirements and 

can therefore be expected to be vulnerable under rapid landscape 

transformations leading to habitat loss or change (Cleavitt 2005). As many 

as 9.3%-34.5 of the moss species and 9.7%-47.2% of the liverworts species 

are considered threatened across countries in northwestern Europe and 

extinction rates as high as 2-3% have been estimated (Vanderpoorten and 

Hallingbäck 2009).  
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Theoretical perspectives 

This study is situated in a theoretical context of island biogeography theory, 

metapopulation dynamics and community ecology applied at different levels 

of abstraction of the underlying study system. Here I introduce main 

concepts from the different subfields and conclude with a discussion of how 

the different approaches in this thesis fit into the complex totality of 

intertwined processes structuring the ecology of species and communities a 

dynamic archipelago. 

Island biogeography theory 

Since before the days of Darwin and Wallace, naturalists have been 

fascinated with the patterns and processes of island life but it was in the mid 

19th century that the modern forms of islands biogeography began to take 

form. In his book, Island life, Wallace (1902) elaborated on the idea of using 

islands as model systems to increase our understanding of general ecological 

processes. Islands provide scientists with easily defined discrete study 

entities that are relatively easy to overview internally. They are numerous 

and display a large variation in properties across the world, making them 

suitable as natural laboratories (or natural experiments) to derive general 

theoretical and practical understanding of the natural world (Whittaker and 

Fernandez-Palacios 2006) 

 

In the late sixties,  MacArthur and Wilson (1967) published their seminal 

work, The Theory of Island Biogeography, in which they presented an 

idealized theoretical model explaining the variation in species richness on 

islands with island area and relative isolation with respect to a source pool of 

colonists (the mainland). In the model the island species richness is given by 

the balance between colonization (of new species) and extinction (of extant 

species) at a dynamic equilibrium. Immigration of new species depends on 

the distance to the source pool (isolation) and the probability that a new 

arrival belongs to a species not already present on the island declines with 

number of species present. Since species (in the source pool) differ in their 

dispersal ability (and habitat available for colonization becomes occupied) 

the colonization rate will show a curved decreasing pattern with increasing 

number of species. As the number of species accumulates, competition can 

be expected to increase leading to an increased rate of extinction of species 

present on the island with increasing number of species. The extinction rate 

decreases with increasing population sizes and amount of available habitat, 

which are both related to the island area. The species richness will approach 

a dynamic equilibrium, where colonization and extinction balance each other 

and the number of species is dependent on the island isolation and area. 

Species richness, under the model, will thus increase with decreasing 

isolation and increasing area and decrease with increasing isolation and 
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decreasing area and there will be a constant turnover in species identities as 

species colonize and go extinct.  

When formulating the equilibrium model of island biogeography (EMIB), 

MacArthur and Wilson (1967) assumed that, in addition to the number of 

species present, colonization would depend only on the isolation and that the 

extinction probability would depend only the island area. These rather 

restrictive assumptions have since been challenged and Brown and Kodric-

Brown (1977) formulated an extension to the model allowing for a reduction 

in the extinction risk of species with decreasing isolation. Propagules of a 

species may resupply the local population and contribute to increased (or 

preserved) population growth rates, thereby decreasing extinction rates 

through a rescue effect. Another extension of the model, explored by Gilpin 

and Diamond (1976), lets the colonization rate with area under the 

assumption that a larger island constitutes a bigger target for random 

dispersal. This target area effect may also reflect the fact that a larger island 

contains wider ranges of available habitat, and thereby may have a stronger 

attracting effect on actively dispersing species, compared to a smaller island 

(e.g. Lomolino 1990). 

 

Although the EMIB represents a dominant paradigm within island 

biogeography there exist several other conceptual approaches. Whittaker 

and Fernandez-Palacios (2006) presents a categorization based on the 

dimensions static vs dynamic and equilibrium vs non-equilibrium. The 

dynamic equilibrium case is neatly illustrated by the EMIB and its constant 

turnover as described above, but we can also find cases with a static 

equilibrium under which species presence mainly are under control of 

habitat availability and there is negligible species turnover at the timescales 

of several generations. A dynamic non-equilibrium situation may 

encountered in young systems undergoing successional change (they may 

not yet have reached equilibrium) or when environmental changes or 

frequent disturbances (pushing the system away from equilibrium) occur on 

timescales more rapid than the response times of biota. A possible example 

may be land uplift archipelago systems (as the one in this thesis) where the 

island area is constantly increasing and primary successions continuously 

occur on the outward migrating shores. The last cases is the static non-

equilibrium represented for example by relictual populations, such as the 

mammals on mountaintops described by Brown (1971), undergoing a slow 

process towards extinction posterior to isolation from all possible source 

pools of new colonists. 

 

If we go beyond the species numbers games of species-area and species-

isolation relationships and focus our attention on the actual species 

identities, we find approaches trying to explain differences in species 
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compositions across islands. Studying incidence patterns (i.e. the presence 

or absence of species) of species across different islands Diamond and co-

workers tried to deduce assembly rules determining the co-occurrences of 

species on islands (see for example Diamond (1975) and Gilpin and Diamond 

(1982)). Although their work sparked a heated debate on methodology for 

deducing non-random patterns in incidence data (especially on the 

properties of null models thought to represent plausible null hypotheses of 

randomness,  see e.g. Connor and Simberloff (1983)) the topic of  community 

assembly is still an active research field which we will present in more detail 

below (after the Metapopulation ecology section). 

 

A related topic, building on reasoning about island colonization and 

extinction processes, is the question of nestedness of species incidence 

patterns across islands. With nested species distributions the species 

assemblages on species poor islands tend to be proper subsets of the 

assemblages on islands with higher species richness and a nested pattern is 

often hypothesized to reflect underlying ecological processes causing 

deviations from a pattern of random colonizations and extinctions (Ulrich 

and Almeida-Neto 2012). Wright et al. (1997) discuss different possible 

causes for a nestedness across assemblages and point One process that can 

cause nestedness is random sampling of species from a species pool with a 

lognormal (or similar) species abundance distribution. If there is higher 

likelihood for abundant species to occur on islands, a nested pattern will 

occur because the more species poor islands have sampled a smaller fraction 

of the available species. Nested species distributions may also occur if 

species are affiliated with different habitats and the habitats show a nested 

distribution across islands. When species show different dispersal capacities, 

the process of differential colonization across a gradient of island isolation 

will cause a nested pattern in which the more isolated islands have sampled 

only the subset of species with high dispersal capacity. Nestedness may also 

occur from differential extinction of species across islands, and this is often 

related to nestedness patterns following the area gradient, with assemblages 

on small islands being subsets of those on larger islands. Although Wright et 

al. (1997) list the above factors among the most probable several other 

explanations may be found. Since nestedness is basically an ordered species 

composition across islands (or sites in a more general context) any process 

that causes ordered assembly or disassembly of communities of species from 

a common species pool will result in a nested pattern. 

 

Metapopulations and metacommunities 

Working with the population ecology of insects in agricultural fields, 

Levins (1969) introduced the idea of a metapopulation – a population of 
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populations – to describe the regional dynamics of the insect population. 

The metapopulation perspective assumes that local populations of a species 

are confined within discrete local patches (i.e. “habitat islands”) of suitable 

habitat, surrounded by a matrix of non-suitable areas. A given patch can be 

either occupied or unoccupied by the species. At the patch level, each local 

population follows its own dynamics and faces a non-zero risk of extinction 

(due to deterministic factors or demographic /environmental stochasticity). 

At the regional level the local populations are connected by dispersal and 

patches are embedded in a dynamics of colonization and extinction. The 

dynamics and persistence of the metapopulation will therefore depend on 

dispersal between patches and the extinction and colonization rates of 

patches. If the extinction rate is higher than the colonization rate the 

metapopulation will go extinct even if suitable habitat is available (Levins 

1969, Hanski and Gilpin 1991). 

 

The original Levins model (for a classical metapopulation) was aspatial 

(no spatial structure among patches), highly abstracted and assumed that 

the total number of patches was infinite (high enough to b ignored), all 

patches were equal (with equal colonization and extinction probability) and 

that the internal dynamics of all local populations was equivalent and could 

be ignored. Later developments within metapopulation theory have 

expanded away from these idealized assumptions and a wide range of both 

stochastic and deterministic models (Hanski and Gilpin 1991, Hanski 1998, 

Hanski and Ovaskainen 2003). There exists different variations on how the 

colonization and extinction probabilities depend on the proportion of 

occupied patches (see Gotelli (1991) for an overview) and, echoing the 

extensions of the EMIB by Brown and Kodric-Brown (1977), Hanski (1982) 

discussed how incorporating a rescue effect (under which the extinction 

probability decreases with increased proportion of occupied patches) may 

affect occupancy patterns across species. He proposed that (classical) 

metapopulation dynamics with a strong rescue effect would lead to a 

binomial occupancy frequency distribution with one set of very common 

(high occupancy) core species and another set of very rare (low occupancy) 

satellite species, and only a few species with intermediate occupancy.  

Another important development is the introduction of spatial structure 

(spatially realistic metapopulation models) and differences in quality 

among patches (Hanski 1998). In these models the colonization rate of a 

patch depends on its connectivity and the extinction rate is dependent on 

some measure of patch quality, most often the patch area, affecting the local 

population size. One example is the incidence function model (IFM) which 

models the probability that a given patch is occupied as a function of area 

and a connectivity based on an exponential dispersal kernel (i.e. the 

probability distribution of dispersal distances giving the probabilities of 
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dispersal success from surrounding patches) and the area (assumed to relate 

to population size and the output of propagules) of each surrounding patch 

(Hanski 1994).  

Metapopulation models have also been adapted for dynamic landscapes in 

which the availability of patches is allowed to vary (e.g. Lande 1987, Thomas 

1994, Keymer et al. 2000). An example is the model introduced by Thomas 

(1994) for habitat tracking metapopulations living in patches undergoing 

deterministic extinction (e.g. living trees or decaying wood) so that species 

have to track the creation and destruction of habitat patches to maintain the 

metapopulation. This model has been shown to be useful for understanding 

population processes in for example epiphytic bryophytes (e.g. Snäll et al. 

2003). 

Yet another development is models for the dynamics of mainland-island 

metapopulations. Under this situation, very much related to the EMIB 

above, there is a substantial size difference among patches so that one (or 

more) of the patches is large enough to support a large population with very 

low extinction probability, and this stable mainland population functions as 

a continuous source of propagules for a surrounding set of smaller patches 

undergoing colonization extinction dynamics. The extinction probability 

mainland population is also lowered by the influx of propagules from the 

islands (Harrison 1991).  

 

There is a distinction between metapopulations and patchy populations. 

In a patchy population there is enough dispersal/movement of individuals 

between patches to allow the subdivided population to function as a single 

population with common demographic dynamics. For a metapopulation 

there is a decoupling between the timescale of the local population dynamics 

and the timescale of the regional metapopulation dynamics, so that we have 

sets of partly independent local populations coupled through extinction 

colonization dynamics in the regional scale. 

 

The metapopulation concept has also been extended to the context of 

community ecology. A metacommunity is a set of local communities 

(assemblages of two or more potentially interacting species)  inhabiting 

patches connected by dispersal and coupled through a regional dynamics of 

colonization and extinction for the constituent species (Holyoak et al. 

2005b). Metacommunities can differ in their degree of interspecific 

interaction and we can envision the full range from very complex 

multispecies food webs with feedback processes to non-interactive 

“collections of metapopulations”(Hanski 1998, Holyoak et al. 2005a).  
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Community assembly theory 

The aim of community assembly theory is to piece out the importance of 

different processes structuring the assembly and composition of a local 

community from a set of species in a common species pool (Keddy 1992, 

Weiher et al. 2011).The assembly process is often conceptualized as a set of 

filters sorting out the species that can be present in a specific community. 

We can distinguish between different types of filters based on the underlying 

processes. Local niche processes are often described as abiotic filtering 

(where the local abiotic environment sets constraints on species presence) 

and/or biotic filtering (where species interactions constrain species 

presence) (Weiher et al. 2011). In reality it may be difficult to distinctly 

separate abiotic and biotic filtering processes since the abiotic environment 

can affect the strength and outcome of species interaction and species 

interactions (e.g. facilitation) may modify effects of the abiotic environment 

(Kraft et al. 2015). If species from the species pool are very similar with 

respect to fitness in the local environment we can expect niche based 

filtering to be less important and the community may exhibit neutral 

dynamics under which stochastic processes (and possibly dispersal 

limitation) dominate the community assembly. In a real situation we can 

expect (more or less) deterministic  niche processes and neutral  processes to 

act simultaneously and the two cases should be viewed as the endpoints of a 

continuum (Gravel et al. 2006). Another filtering process is related to the 

configuration of landscape and the spatial position of the local community in 

relation to propagule sources for species in the species pool. If some species 

in the species show dispersal distances shorter than the distance to the patch 

from a propagule source we can expect filtering through dispersal limitation. 

The dispersal filtering processes is thus scale dependent and depends on the 

correspondence between the landscape configuration and species dispersal 

capacities (see e.g. Holyoak et al. 2005). Dispersal limitation could also 

occur when the propagule output on the landscape level is very low, resulting 

in lower probabilities that a propagule ever will arrive and establish a 

population in a local community. 

Dispersal and colonization 

Colonization and dispersal are, as we have seen above, core concepts 

within all three presented subfields. Colonization is a multistage process 

consisting of the production and transportation of propagules (dispersal) 

and the subsequent establishment of a population that can survive and 

reproduce in a patch/island.  

For species inhabiting patchy landscapes we can, following Resetaritis et 

al. (2005), distinguish between two conceptual modes of dispersal (see Fig 

1). First we have the idea of a regional propagule rain in which all local 

populations of species contribute propagules to a common pool from which 
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potential colonist are recruited independently of the distance between sites. 

This dispersal mode corresponds with the assumptions in Levins classical 

metapopulation model where patch colonizations are dependent on the  

Figure 1. Organism dispersal modes. Panel A shows dispersal through a regional 
propagule/diaspore rain. All local populations of species contribute diaspores to a common 
regional pool from which potential colonists are recruited independently of distances among 
sites.  Colonization probabilities of different species in the landscape vary with their diaspore 
output to the regional pool. Panel B shows distance dependent dispersal. Potential colonizations 
depend on the proximity to sites with local populations and dispersal distances vary among 
species. 

proportion of occupied patches. The second contrasting dispersal mode, 

corresponding to assumptions in the EMIB and spatially realistic 

metapopulation models, is when we have distance limited dispersal and 

potential colonizations depend on the proximity to sites with local 

populations.  
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The complexity of community ecology in a dynamic archipelago 

We will now leave the nice, well ordered realm of idealized and abstracted 

theory and turn to the complexities of ecology in a dynamic real world 

archipelago. The archipelago I have been working in lies in a region 

undergoing isostatic rebound since the end of the latest glaciation 

(approximately 10000 years ago). One consequence of this process has been 

the creation of a dynamic archipelago system in which new islands are 

constantly created and the focus of my project has been the biogeography 

and ecology of communities on such land uplift islands. 

  

An ecological community is a peculiar entity. It is defined at an 

intermediate level above the individuals and populations of individual 

species and below the level of the biogeographical region (which in turn is 

nested within even wider continental scales). In this structure of nested 

totalities we see processes at all levels intertwined in complex relations of top 

down and down-up interactions. The community is contingent on its 

constituent species, but the species interactions and processes at the 

community level do also influence the individual species populations in a 

dialectical relation between parts and whole. As we have learned from the 

island biogeography and metapopulation/metacommunity theory, the local 

populations and communities are influenced by the regional level dynamics 

of colonizations and extinctions which in turn depends on the local 

population and community processes and the output of propagules (e.g. 

seeds, spores fragments) from local populations. The local population 

processes depend on and influence the properties of individuals and the 

whole regional system is dependent on and contributes to large scale 

biogeographical processes of speciation, extinction and range contractions 

and expansions shaping the regional species pool (Levins and Lewontin 

1980). 

 

This complexity means that we observe and study as a local community 

on an individual island is an abstraction from a complex totality of processes 

contingent on history. To paraphrase Levins (2007), we can say that things 

are the way they are because they got that way and that pattern is just a 

snapshot of process. Since we cannot grasp the full complexity of ecological 

processes interacting across all levels, we have to rely on abstractions from 

the totality to gain understanding of the system. Following Ollman (2003) 

we can distinguish between three dimensions of abstractions: extent; level of 

generality and perspective. The extent defines the limits in time and space 

bounding a specific abstraction (e.g. an individual island in a timescale of 

decades or the whole region in during the length of the Quaternary). The 

level of generality can range from the specific (e.g. the expression of life 

history traits in an individual) to the most general (e.g. evolutionary 
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processes shaping traits in species) and the perspective gives the vantage 

point from which we observe the totality (e.g. from the complexity of 

processes perspective of a dialectical biologist or the strictly down-up 

perspective of a reductionist). Each abstraction will be partly false, leaving us 

blind for parts of the whole, but by choosing different abstractions 

complementing each other we may approach a true understanding of the 

totality (Levins 2007). 

 

So what does this mean for our studies of bryophyte communities on 

islands in a northern Swedish land uplift archipelago? We can start the 

process of abstraction by defining different extents corresponding to spatial 

scales of interest. The focus on the island biogeography and ecology of island 

communities place us in a range of scales (see Fig2) stretching from the 

 

Figure 2. Interacting processes at nested scales in the study system and the scale extent 
covered by the thesis papers. For each scale, a few examples of important processes/dynamics 
are presented. Between the “within island scale” and the “landscape scale” we can also abstract a 
“whole island scale” (not shown in figure) with island level patterns (e.g. species richness, 
assemblage composition) formed by the interacting processes. Illustrations by Anna Tiselius. 
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“within island scale” (e.g. population and community processes within each 

island), through the “whole island scale” (e.g. species richness, colonization 

probabilities of species.) and the “landscape scale” (e.g. land uplift creating 

new islands, colonizations and extinctions in a metapopulation/ 

metacommunity or island biogeography theory context) out to the “regional 

scale” (e.g. processes shaping the species pool of the coastal region, 

glaciation and vegetation history). Processes at each level (see Fig2) combine 

and interact to shape the patterns (e.g. species pools, island species 

assemblages, succession) we can observe and when we abstract our 

reasoning to a specific level this leaves us partly blind for the processes at 

other levels.  

When it comes to levels of generality we place ourselves at an intermediate 

level and focus on processes relevant for explaining whole assemblages of 

species defined through geographical (regional, archipelago, island) or 

ecological categorizations (e.g. environmental affiliations, sexual vs asexual) 

and largely ignore individual species. We also (mostly) ignore processes 

within and above the regional level and take the present state (e.g. the 

composition of the regional species pool) as a given. 

 The dialectical perspective should be evident and the various “reductions” 

of complexity made in the different papers should be viewed as abstractions 

useful for understanding different aspects of the complex whole (partly 

described by the rudimentary sketch in Fig 2).  

 

In paper I we are firmly rooted at the landscape scale and present a newly 

developed approach for describing connectivity (as an island level descriptor, 

relevant for understanding landscape processes) at a level of generality 

relevant for whole assemblages of species. In paper II we zoom in on the 

within and between island scales and present a novel method allowing us to 

study relations between parts (i.e. species within different ecological 

categorizations) of the island species assemblages and the within island land 

uplift dynamics across islands. Paper III explores intersections between the 

regional scale (the regional species pool) and the landscape (species found 

within the set of study islands) and individual island (the species 

assemblages on each island) scales with the aim of identifying important 

processes in the relation between scales. The level of generalization in this 

paper is that of ecologically defined species categories (ignoring individual 

species and intraspecific variations). 

Connectivity, age and area for islands in the archipelago  

Patch/island connectivity and area are, as we have seen above, key factors 

for understanding ecological processes in fragmented systems with dispersal 

dependent dynamics. Another important factor is patch/island age 

influencing processes like succession and turnover.  Although the meanings 
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of age, area and connectivity may seem straightforward at a first glance, 

things get more complicated when we leave the simplified world of single 

species dynamics or highly abstracted numbers games in patches/islands of 

fixed size and clearly defined ages.  

Connectivity for multiple species  

Patch connectivity (or conversely isolation) describes how connected a 

habitat patch (I will use patch and island synonymously in the following 

treatment) is to habitat in the surrounding landscape with respect to 

(potential) movement in or out of the patch (see fig 1A in Paper I). The 

connectivity of a patch thus depends on both the landscape configuration 

and the organism under study (Moilanen and Hanski 2001, Kindlmann and 

Burel 2008). When quantifying connectivity we can distinguish between 

structural connectivity focusing on the landscape structure and functional 

connectivity which measures the degree to which landscape structure 

actually impacts the movement of organisms. Calculations of functional 

connectivity, explicitly includes information on patch occupancy and species 

movement/dispersal behaviours (e.g. data from mark-capture-recapture 

studies or telemetry) whereas structural connectivity can be calculated using 

map data in a geographic information system (GIS)(Calabrese and Fagan 

2004, Kindlmann and Burel 2008, Kool et al. 2013). The definitions and 

quantifications of isolation within island biogeography largely parallel those 

for structural connectivity in ecology but there has traditionally been a 

narrower  focus on distances to mainland or the nearest neighbouring island 

(MacArthur and Wilson 1967, Weigelt and Kreft 2013). Although simple 

distance measures may be operational when working with isolated oceanic 

islands and their relations to a single distant continental landmass, they tend 

to perform poorly in more complex settings and several authors stress the 

need to explicitly including the area of potential source patches in the 

surrounding landscape into definitions of isolation/connectivity (Moilanen 

and Nieminen 2002, Diver 2008). 

The quantification of connectivity is, regardless of whether structural or 

functional connectivity is considered, inherently dependent on a choice of 

spatial scale. The appropriate scale of quantification depends on the 

movement behaviour/dispersal distance which defines the scale of effect at 

which a studied organism responds to the landscape and a wide range of 

both theoretical and empirical studies have shown that this scale of effect 

will be different for different species (see Fig1B in Paper I) (e.g. Steffan-

Dewenter et al. 2002, Holland et al. 2004, Silva et al. 2005, Paltto et al. 

2010, Jackson and Fahrig 2012).  

Determining the scale of effect and choosing a relevant measure of patch 

connectivity can be relatively straightforward when considering a single 

species with well known biology and, with actual data on occupancy an 
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dispersal, we could even aim at calculating some functional connectivity 

measure (Moilanen and Nieminen 2002, Kadoya 2009, Kool et al. 2013). 

When considering whole assemblages/communities of species things get 

more complicated and reliable data on occupancies in the landscape and 

dispersal distances are often difficult to obtain (Jacobson and Peres-Neto 

2010).  

This poses the question of how to define a relevant description quantifying 

connectivity for multiple species responding to unknown scales of effect?  

One way to solve the problem is to treat connectivity not as a single value, 

but as a continuous function of a variable defining the scale of effect. In the 

landscape ecological literature such functions are called scalograms or 

connectivity response functions and authors mainly rely on a graphical 

approach with visual inspection of plots to compare curves across objects 

(patches or landscapes depending on whether patch or landscape 

connectivity is considered) (e.g. Wu 2004, Laita et al. 2010, Ernst 2014). 

When considering more than a handful of objects the graphical approach 

quickly becomes incomprehensible and authors have to rely on calculations 

of summary statistics (e.g. plots of median connectivity across scales and/or 

box plots of variable distributions)  (Aune et al. 2005, Laita et al. 2010, Ernst 

2014). Such approaches may be sufficient when overall descriptions of 

connectivity is the primary goal of the analysis, but they are not operational 

when the purpose is the quantification and description of the connectivity as 

a descriptor for community analysis or when the goal is comparison of 

detailed connectivity properties (across scales of effect) of each object within 

a larger set (e.g. >8 patches/islands).  

 

In paper I we approach the problem of finding an operational approach to 

quantify and describe the patch connectivity across scales of effect, for large 

sets of patches in a landscape (i.e. islands in the studied land uplift 

archipelago). Similar to previous approaches we define patch connectivity as 

a continuous function of a scale defining variable, but instead of relying on 

simple summary statistics or purely visual inspections we treat the entire 

functions as statistical objects of interest and apply techniques for functional 

data analysis to extract and summarize information contained in the 

function shapes (Ramsay and Silverman 2006). 

Island age and area in a land uplift system 

Most of island biogeography theory has been developed for systems in 

which age and area are fixed scalar (i.e. single value) properties of islands. 

Although many studies pertain to system which have undergone changes in 

area they seldom quantify changing area as a continuously changing 

property and instead treat the current area as a fixed scalar value in relation 

to a historical fixed scalar value. Some heuristic non-equilibrium island 
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biogeography models do conceptualize area as changing over time (often 

decreasing through e.g. erosion), but they still do not quantify it as a time 

dependent dynamic quantity. Island age is most often a non-complicated 

single value. The island has emerged at one point in history and the entire 

island have followed a common trajectory of ageing (MacArthur and Wilson 

1967, Whittaker and Fernandez-Palacios 2006).This not the case for the 

islands in the dynamic land uplift archipelago which forms the context for 

the studies in this thesis.  

The whole study region is undergoing isostatic rebound since the end of 

the latest glaciation and the land uplift process causes new land to constantly 

emerge from the sea (Påsse and Andersson 2005). This means that the areas 

of existing islands are continuously increasing, that new islands continuously 

emerge and that previously discrete smaller islands may get fused together 

into combined larger islands (these processes are evident when comparing 

historical and recent map data e.g. RAK (1935) and Lantmäteriet (2009). 

When considering island age this means that each island consists of a, 

possibly complicated, mixture of land of several different ages. Age also 

follows the elevation profile of each island so that the lowest lying parts are 

the youngest, which have newly emerged from the sea, and the terrain age 

increases with elevation so that we find the oldest parts of the islands at the 

maximum elevation. The land uplift also drives primary successions on the 

islands and as a consequence we find that different elevations correspond to 

different successional vegetation stages (see Fig 7 under Study system below) 

(Ericson 1981, Vartiainen 1988, Svensson and Jeglum 2003). 

 

One way to represent the complexity of age and area resulting from the 

land uplift dynamics is to use a continuous function to represent the land 

uplift history of an island. In paper II we use a fine scale digital elevation 

model (2m grid, Lantmäteriet (2013)to construct functions describing the 

age-area distribution of each island. These functions show the area of land 

found at a given elevation (they are in effect age-area density functions) and 

because primary succession patterns follow the elevation these functions also 

work as proxies for areas within different succession stages. Another 

function useful for understanding the age distribution of an island is the 

cumulative age-area distribution describing the cumulative area with 

increasing elevation (see Paper III - Fig A2 in Appendix A). 

Relating island functional data descriptors to species assemblages 

Having described the connectivity and the age-area distributions of each 

island as continuous function we are faced with a new challenge. How do we 

couple such functional data (i.e. data consisting of continuous functions) to 

the compositions of the species assemblages on each island?  This challenge 

translates to the problem of finding a way to describe the co-variation 
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patterns between variables (e.g. species) in multivariate data set and the 

continuous functions in a functional data set. In paper II we develop a novel 

statistical technique to solve this problem and apply the method to the 

relation between the bryophyte species incidences and the age-area density 

functions of the islands.  

Bryophytes on land uplift islands 

The land uplift archipelago in this thesis is viewed from the perspective of 

bryophytes on young land uplift islands. Before we can introduce our studies 

of processes structuring island bryophyte assemblages, we first need to dive 

deeper into the ecology of this fascinating organism group. 

Taxonomy, life cycles and sex 

What we call bryophytes consists of the mosses (phylum Bryophyta), the 

liverworts (phylum Marchantiophyta) and the hornworts (phylum 

Anthocerophyta). The lumping together of these phyla does not, 

taxonomically speaking, form a well defined group with shared evolutionary 

ancestry (it is a polyphyletic group), but they are often grouped together 

because of similarities in their life cycles and basic ecological characteristics. 

All three groups share the same basic life cycle with a generation switch 

between a photosynthesizing (green) haploid gametophyte and a non-

photosynthesizing diploid sporophyte which is formed after fertilization. The 

haploid gametophyte is the dominating vegetative stage (the green plants 

you see) and it goes through two distinct phases (with different life forms 

and ecological requirements) during its development. First a filamentous (in 

most mosses) or thalloid (in most liverworts and Sphagnum spp. and 

relatives) protonema is formed from the germinating spore and during its 

lifetime the protonema produces buds from which leafy shoots or thalli (in 

thalloid liverworts) are developed (thus forming the second phase of the 

gametophyte development). On the fully developed gametophyte (shoot or 

thallus), separated male (antheridia) and female (archegonia) sexual organs 

are formed either on the same shoot (monoecious species) or on different 

unisexual shoots (dioecious species). To achieve fertilization, water is needed 

to allow the male gametes (i.e. sperms) to swim from the antheridia to the 

archegonia. After fertilization the diploid zygote grows from the fertilized 

embryo in the archegonium and eventually a mature sporophyte, consisting 

of a foot, a stalk and a capsule (containing haploid spores produced through 

meiosis), is formed. During its short (relative to the gametophyte) lifespan, 

the non-photosynthesizing sporophyte is dependent on the gametophyte for 

its nutrient supply (it is parasitic) (Raven et al. 1999, Glime 2013). 



 

16 

Mysteries of movement (dispersal strategies)  

Bryophytes disperse by (mainly wind or water transported) sexual spores 

(in the size range 7-100 μm) and/or specialized asexual propagules (e.g. 

gemmae, tubers or caducous leaves), but may also readily disperse through 

clonal regeneration from shoot fragments (McDaniel and Miller 2000, 

Frahm 2008, Frey and Kürschner 2011). Spore trapping experiments have 

shown that spore dispersal distances form a leptokurtotic dispersal kernel in 

which a large fraction of the spores are deposited within a few meters from 

the source, but with a fat tail stretching out into the distance (in many 

studies, the majority of the spores is unaccounted for within the examined 

distances) (e.g. Miles and Longton 1992, Sundberg 2005, Lönnell et al. 

2012). Asexual propagule dispersal distances are, in general,  much shorter 

and studies reviewed by Laaka-Lindberg et al. (2003) reported distances in 

the scale of a few cm from the source (but see Pohjamo et al. (2006) for an 

example of long distance dispersal of gemmae in Anastrophyllum 

hellerianum). A substantial fraction of bryophyte species rarely or never 

produce sporophytes and are therefore mainly (or solely) dependent on 

asexual dispersal through specialized propagules or fragments (see e.g. Hill 

et al. (2007)). Although primary dispersal distance of most asexual 

propagules are short, several studies (reviewed in Laaka-Lindberg et al. 

(2003)) report a possibility for longer distance through secondary dispersal 

by  animals (fragments or specialized propagule may stick to fur or other 

body parts). Studies of bryophytes on the volcanic island of Surtsey have also 

suggested a role for birds (seagulls) in the long distance dispersal of asexual 

propagules/fragments (Ingimundardóttir et al. 2014).  

Substrates, microhabitats and ecophysiology  

Bryophytes occupy a wide range of substrates (e.g. soil, litter, rock, bark, 

decaying wood, dung and carcasses, leaf cuticles) and microhabitats (ranging 

from sun exposed dry fields, to streams and wet fen hollows or dark caves) 

(Hallingbäck 1996, Bates 2009). Many species show narrow habitat 

specificities and bryophytes have often been considered as indicators of the 

environmental characteristics of their habitats (Cleavitt 2005).  

Bryophytes lack roots and are dependent on their immediate environment 

for water and nutrient uptake. They lack internal regulation of the water 

content and the hydration status of the shoots/thalli is thus dependent on 

the humidity of the surrounding air and their microhabitat. Although some 

species are truly poikilohydric (shuts down metabolism and growth when 

desiccated and resumes it when rehydrated), bryophytes show a wide 

variation in desiccation tolerances and vary in their association to moisture, 

ranging from hydrophytes (growing in water) through hygrophytes (i.e. 

species occupying moist/wet habitats), mesophytes (in mesic habitats) to 

drought tolerant xerophytes (growing in dry habitats). The availability and 
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uptake of nutrients depends on the pH of the environment (it also affects the 

toxicity of various ions) and, similarly to vascular plants, bryophytes vary in 

their adaptations to the acidity/alkalinity of the habitat and the whole range 

from calcifuge (avoiding calcareous environments)  to calcicole (“preferring” 

calcareous environments) species can be found  (Larcher 2003, Bates 2009, 

Proctor 2009). The moisture and pH relations can also vary among different 

stages in the life cycle and experimental studies by Wiklund and Rydin 

(2004) have shown  that, although the mature gametophyte may show wider 

tolerances, the spore germination may be constrained by the interaction 

between water availability pH within relatively narrow limits. 

Abiotic environmental associations of plant species (including bryophytes 

and lichens) are often characterized by so called Ellenberg values describing 

the species optima along environmental gradients (Ellenberg et al. 1992). 

Ellenberg values are ordered categories classified according to the 

environments in which species occur and bryophytes occupy the full range of 

categories along all three gradients of gradients of light availability, moisture 

and soil reaction (pH) (Ellenberg et al. 1992, Vevle 1999, Hill et al. 2007). 

Life history strategies  

With respect to life history traits (traits affecting the transition between 

different stages of the life cycles, e.g. birth, death, reproduction and 

dispersal) bryophyte display a variety of different life history strategies (co-

evolved integrated trait combinations) (Söderström and During 2005, Rydin 

2009, Glime 2013). They vary, for example, with respect to longevity, growth 

rates, age of first reproduction, reproductive effort and modes (asexual 

and/or sexual) of reproduction and dispersal and authors have reported 

several potential trade-offs  and/or co-evolved trait combinations (see e.g. 

Hedderson and Longton 1995, Manyanga et al. 2011, Glime 2013). There 

seems to be, at least in some species , a cost of reproduction leading to trade-

offs between growth and reproduction (either through sexual spores or 

specialized asexual propagules) (e.g. Ehrlén et al. 2000, Rydgren and Økland 

2003, During 2007, Stark et al. 2009). There is also the classical trade-off 

between diaspore (sexual/asexual) size and the produced number of 

diaspores (numerous small/ few large ) ((see e.g. Harper et al. 1970, 

Sundberg and Rydin 1998, Lönnell 2014). Working with epiphytic 

bryophytes on deciduous trees Löbel et al. (2009) and (Löbel and Rydin 

2009, 2010) suggested trade-offs between dispersal distances and 

establishment ability (contrasting dispersal strategies dependent on large 

asexual propagules vs smaller sexual spores), between dispersal and 

sensitivity to habitat quality and between dispersal distance and age at first 

reproduction. 

Given the large variation in life history traits and strategies across 

different environments there exists several possibilities of classification into 
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strategy types (e.g. the r-K continuum of MacArthur and Wilson (1967), the 

V (violent/vigorous) - P (patient/persistent) -E (explerent/exploitative) of 

Ramensky and Rabotnov (see Rabotnov 1975, Onipchenko et al. 1998) or the 

C (competitive) - S (stress tolerant) – R (ruderal) scheme by Grime (2002)) 

but the most frequently adopted life strategy categorization for bryophytes is 

that of During (1979, 1992). Based on considerations of the longevity of 

habitats, species strategies for surviving the stressful season through 

avoidance (i.e. as spores) or tolerance (i.e. as gametophyte) and the need for 

long distance dispersal to maintain populations, he devised a classification 

scheme organizing the life strategies according to life span, spore number 

and size and reproductive effort. With respect to longevity the strategies 

separate out the annual species (fugitives and annual shuttles) from those 

surviving a few years (colonists and short and long lived shuttles) and those 

that that are long lived perennials (perennial stayers and dominants). When 

separating the strategies based on the number of and size of spores we have 

those with numerous small spores (fugitives, colonists, perennial stayers) 

and those with few large spores (shuttle species and dominants). 

Reproductive effort is classified as high in fugitives, annual shuttles and 

colonists, as moderate in short- and long lived shuttles and as low in 

perennial stayers and dominants. More detailed presentations of the 

different strategies (including further divisions into subgroups) can be found 

in Paper II (Table A2, Appendix A).  

Metapopulation/metacommunity processes and patchy populations 

Many bryophytes occur in habitats (e.g. calcareous fens, riparian 

zones/lake or sea shores, localities with moving surface near groundwater) 

that are patchily distributed in the landscape and/or on discrete substrates 

(e.g. logs or boulders) and can, depending on the degree of decoupling of the 

local population processes from the regional dynamics, be classified as 

metapopulations/metacommunities. Species living on transient substrates 

(e.g. living trees, decaying wood, dung and carcasses) exhibit patch tracking 

(metapopulation/metacommunity) dynamics and are dependent on 

dispersal for persistence in the landscape. There are also species which occur 

in more continuous distributions in the landscape (e.g. several species tied to 

dry-mesic forest floor habitats in boreal coniferous forests) or in more or less 

connected patchy populations (e.g. species in wet-moist boreal forest floor 

habitats) (Hanski and Gilpin 1991, Rydin 2009).  

If we consider the true islands in our land uplift archipelago we can expect 

at least a partial decoupling of the temporal scales of population/community 

dynamics at different spatial scales so that many species tend to exhibit some 

kind of metapopulation dynamics (classical, habitat tracking, mainland-

island etc.) in the landscape scale. Depending on the kinds of substrates and 

habitats occupied, species may or may not show metapopulation dynamics 
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within each island and many species are exhibiting a continuous spatial 

turnover of microhabitat patches due to the land uplift process (creating new 

habitat) and the associated primary succession process (causing 

deterministic extinction and recreation of microhabitats within different 

successional stages) (see Fig 2). 

Processes structuring assemblages on young land uplift islands 

Given the great variety of life history strategies, habitat affiliations and 

population processes found among bryophytes we can expect that a 

multitude of intertwined processes (Fig 2) are involved in determining the 

assemblage patterns we can observe. In this thesis (paper II and III and the 

analyses presented in Appendix A) we investigate factors affecting bryophyte 

species richness, community assembly processes and assemblage 

compositions on young land uplift islands. We approach the questions on the 

level of entire islands (leaving us blind and dependent on conjecture for 

processes at lower levels) in relation to the landscape and the coastal region. 

To infer information on processes we use selections of species traits related 

to habitat affiliation, life history strategies and dispersal and define the 

problems at the level of ecological species groupings defined by the selected 

traits (ignoring individual species). In Paper II we use a novel functional data 

analysis technique to investigate the relation between assemblage 

compositions and the variation in age-area patterns across islands. In paper 

III we focus on how different processes related to habitat affiliation, life 

history and dispersal strategies affect the filtering of species from the 

regional species pool during the assembly of local island assemblages. The 

classical island biogeographical questions of species richness and nestedness 

of assemblages in relation to island age, area and connectivity are 

approached by the analyses presented in Appendix A – Miscellaneous 

results. 
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Objectives of the thesis 

The overall objective of this thesis was to study the island biogeography of 

boreal species assemblages in a dynamic patchy landscape. During the 

formulations of more specific questions and the concurrent design of the 

study certain methodological challenges (with respect to the complexity of 

the system) revealed themselves. As a consequence it was necessary to add 

an objective of method development to deal with such basic features as 

connectivity, age and area in the dynamic multispecies context of the land 

uplift archipelago we used as study system. The objectives addressed by the 

included paper are… 

 

 How do we describe the connectivity of a patch/island in a 

multispecies context given that species differ in respect to their scale 

of effect?  (Paper I) 

 

 How can we relate the composition of island species assemblages to 

function valued descriptions of connectivity and the complex 

patterns of island age and area generated by the land uplift context? 

(Paper II) 

 

 To investigate factors affecting species richness, community 

assembly and composition of bryophytes in a land uplift system. 

specifically with respect to: 

 Dispersal limitation and habitat factors (Papers II 

and III) 

 Effects of area, age and isolation (Paper II and 

Appendix A) 
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Methods  

The study region 

The studies in this thesis were situated in the archipelago and coastal region 

bordering the innermost parts of the Bothnian bay in northeastern Sweden 

(Fig3). The study area lies within the middle boreal zone and the vegetation  

 

 

 

 

Figure 3. Location of the study region (shaded). The boxed area shows the approximate location of the 

archipelago map in Fig 4.  

is dominated by coniferous forests (Sjörs 1999). The temperature climate is 

relatively continental with a mean summer temperature of 12-14°C and 

mean winter temperatures ranging from -10--12°C in the eastern coastal  

part to -12--14°C in the western part (Sjörs 1999, Tveito et al. 2000). The 

mean number of days with precipitation >=1 mm ranges from 100-150 days 

in the northern and eastern parts of the region, to 50-100 days in the drier 

southwestern part. The mean number of days with precipitation >=10 mm is 

0-15 in the whole region. The mean length of the growing season is 125-150 

days in the whole area (except farthest to the south along the Swedish coast, 

where it is 150-175 days) and the mean temperature sum (growing degree 

days above 5°C) is 800-1000 (Tveito et al. 2001). 

The region is undergoing isostatic rebound since the end of the latest 

glaciation and the land uplift process has created a large coastal archipelago. 

The current land uplift rate in the archipelago (boxed area in Fig 3.) is 8mm 

per year and, due to the flat topography of the region, large areas of new land 
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is created each year (Lantmäteriet 1980, Påsse and Andersson 2005). The 

soils are dominated by backwashed glacial tills and sediments and the 

bedrock shows a gradient from acidic in the west, to more basic or 

intermediate in the east (Lantmäteriet 1980, Bergman et al. 2014, SGU 

2016).  

Island biogeographical properties 

The continuous land uplift process means that the system is constantly 

undergoing changes with respect to the underlying geographical template 

(e.g. area, isolation, terrain age composition etc.). The progressive addition 

of land also drives continuous primary successions on the rising shorelines 

and both edaphic factors (e.g. nutrient content, pH) and disturbance regimes 

change with the uplift (Vartiainen 1988, Merilä et al. 2002, Svensson and 

Jeglum 2003, Nylén and Luoto 2015). The archipelago can thus be viewed as 

a fundamentally non-equilibrium system in which ecological processes trace, 

but do not reach ever moving equilibrium states. 

The land uplift also provides ample opportunities under the natural 

laboratory paradigm of island biogeography (Whittaker and Fernandez-

Palacios 2006). The de novo emergence of terrestrial habitats from the sea 

makes this area almost uniquely well suited for studies of dispersal and 

community assembly processes and the direct coupling between terrain age 

and elevation provides researchers with easily dated chronosequences for 

temporal studies of vegetation and ecosystem development (e.g. Vartiainen 

1988, Ecke and Rydin 2000, Merilä et al. 2002, Cronberg 2002) 

 

The study islands 

For the bryophyte assemblage studies we selected 20 young land uplift 

islands (Fig 4) spanning gradients of age, area and connectivity (see Paper 

III for selection criteria and details (Table 1) about each island).  
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Figure 4. Map of the archipelago. The study islands are marked with graded stars representing 
the island area. Island numbers correspond to the numbers in Fig XX. Published with 
permission from the Swedish Land Survey: © Lantmäteriet Gävle 2016. Medgivande I 
2016/0057 

Island connectivity 

To describe the patch connectivity of each island in a way relevant for the 

entire bryophyte assemblages, we modelled the island connectivities using 

the approach for multispecies connectivity presented in Paper I. For each 

island a patch connectivity function, giving an approximation of the 

cumulative amount of available land (see Paper III - Appendix A for more 

details on function definitions and a plot (Fig. A1A) of the functions) with 

increasing distance (up to a maximum distance of 10 km) from each island, 
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was calculated. The patch connectivity functions contain information about 

both the cumulative amount of land and the variation in the density of land 

with distance. The function value gives the accumulated area of land within a 

given distance and the slope of the connectivity function at a specific 

distance from a patch reflects the density of land at that distance. A steep 

slope means that land is accumulating rapidly with distance and a shallow 

slope that land is accumulating slowly.  

To summarize the information present in the function shapes, a functional 

principal component analysis (fPCA) was performed. The two first axes 

(together explaining 95, 7% of the variation) were retained, giving a pair of 

principal component functions (Fig. 5) and a pair of island score vectors (Fig. 

6).  

 

Figure 5. The panels (A-D) illustrate the approximated patch connectivity function shape 
resulting from of adding (dotted lines) or subtracting (dashed lines) different multiples of each 
principal component function (100 x the axis 1 principal component function (A and C); 80 x 
the axis 2 function (B and D)) to the overall mean function (continuous lines) based on the 20 
patch connectivity functions (in Paper III, Appendix A, Fig A1A). The different multiples were 
chosen to reflect the different ranges of island score values (Fig 6) on each axis. Panels C and D 
zoom in on parts marked with rectangles in panels A and B respectively.  
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The principal component functions describe major modes of shape 

variation among the patch connectivity functions and the score for an island 

on each axis shows the contribution of the corresponding principal 

component function to the shape of the patch connectivity function. The first 

principal component function (Fig 5A and 5C ), accounting for 80.6% of the 

total variance, captures variation among islands in the general amount of 

land in the surroundings, i.e. the general level of the slope and values of the 

function regardless of distance. Islands with low scores (Fig 6) on axis 1 (e.g. 

islands 11 and 18) show a slower increase in the cumulative area of 

surrounding land and reach lower maximum values than island with high 

scores (e.g. islands 6 and 8) The second principal component function (Fig 

5B and 5B), explaining 15.1% of the variance, describes variation in the 

concavity of the patch connectivity functions. Islands with low scores (e.g. 

islands 3 and 15) have more concave functions than island with high scores 

(e.g. island 12 and 16), which tend to have more linear functions. 

 

Figure 6. The island scores for principal component axis 1 and 2. Island numbers correspond 
to the numbering in Fig 4.The score for an island on  each principal component axis indicates 
how much of the corresponding principal component functions should be added to (or 
subtracted from) the overall mean patch connectivity function to approximate the island patch 
connectivity function (Fig 5). Island plotted close together have similar patch connectivity 
function shapes and island plotted farther apart have more dissimilar function shapes. 
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Islands with low scores tend to have lower amounts and density of land 

(lower values and shallower slope) within the first 5 km from the island and 

more land farther away. Such islands are thus more isolated over short 

distances than those with the more linear functions associated with high 

scores on PC2, provided that they have similar general values and slope 

(similar scores on PC1). This means that it is possible to use the score from 

axis 1 as a measure of “overall connectivity” (in the scales up 10 km) for each 

island (see Paper III, Table 1) and the score from axis 2 as an additional 

qualifier giving more resolution with respect to the more “local connectivity”.  

Island age and area 

The island areas range from 1.5 – 13.6 ha and the maximum elevation for 

the islands range from 3.0 – 7.1 m (corresponding to a range of ~380 – 890 

years for the maximum age). The island maxima can however be misleading 

since each island contains a whole distribution of terrain ages ranging from 

the newly emerged (<0.1 m) up to the maximum age/elevation. A better 

measure of the age of each island could be the median elevation which 

ranges from 1.1 -2.9 m (~ 136 - 366 years). A more complete representation 

of the distribution of land of different ages within each island is given by 

functions derived from a high resolution (2 m grid) digital elevation model 

(Lantmäteriet 2013). We have the elevation-area density function, in which 

the area within a given elevation interval is given by the surface area under 

the function graph in that interval (see Paper II, Fig A1 in Appendix A), and 

the cumulative distribution function giving the cumulative area with 

increasing elevation (Paper III, Fig A2 in Appendix A).  

Vegetation and environmental gradients 

The island vegetation is shaped by environmental gradients following the 

elevation (i.e. age) gradient of each island (Fig 7). With increasing elevation 

we see decreases in soil moisture (we can however also find wet and moist 

patches at higher elevation due to microtopographic factors and drainage 

properties ), pH and nutrient content and shifts in the frequency and types of 

disturbance (frequent and regular flooding and ice disturbance at lower 

elevations and infrequent stochastic disturbance e.g. windthrows at higher 

elevations) (Ericson 1981, Merilä et al. 2002, Svensson and Jeglum 2003).  

The nitrogen content can however, due to the nitrogen fixation of grey alder 

(Alnus incana) and other plants (e.g. Myrica gale), be expected to show a 

hump shaped pattern with a peak somewhat above the lowest elevations.  

At lower elevations (~<2 m) the vegetation follows a primary succession 

gradient going from an open stage (dominated by bryophytes, graminoids 

and herbs) closest to the sea, via a deciduous forest stage (with grey, alder 

(Alnus incana), rowan (Sorbus aucuparia) and downy birch (Betula 

pubescens)) into to a very dense coniferous stage almost completely 
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Figure 7. Ecological gradients associated with the elevation (age) gradient on the study islands. 

Succession going from an open, frequently disturbed, graminoid and herb dominated stage to a 

mixed coniferous forest with a dwarf shrub heath type field layer. The frequency and types of 

dead wood in the different stages, and gradients of pH and nutrients going from high to low 

with increasing elevation. Illustration by Anna Tiselius. 
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dominated by Norway spruce (Picea abies). With increasing age (elevation) 

spruce tree in the dense coniferous forests start to die of and, with secondary 

successions staring in the gaps, the succession eventually results in less 

dense mixed coniferous dominated by Norway spruce and with variable 

proportions of deciduous trees (e.g. rowan, birches (Betula spp.), goat willow 

(Salix caprea)) and Scots pine (Pinus sylvestris) (Svensson and Jeglum 

2003) 

The field layer also follows the elevation gradient. In the open stage at the 

lowest elevations the field layer is consists of  (more or less) flooding tolerant 

graminoids and herbs and may depending on the degree of exposition to 

wave and ice action and the soil characteristics (e.g. particle size fractions) 

show varying degree of patchiness (giving place to a rich bottom layer 

dominated by bryophytes). In the primary deciduous forest the field layer is 

often more dense and dominated by (broadleaved) graminoids and herbs 

(e.g. Rubus arcticus, Valeriana sambucifolia and Angelica sylvestris). In the 

dense coniferous stage the field layer is almost completely outcompeted by 

the dense tree layer and the ground is covered by spruce needle litter. In the 

less dense mixed forest stage (following the “dense spruce” stage) the field 

layer composition depends on the terrain age and younger areas (~>2.5 m) 

are rich in herbs like Melampyrum spp., Solidago virgaurea and Trientalis 

europaea and narrow-leaved grasses (e.g. Deschampsia flexuosa). With 

increasing age the field layer gradually turns into the dwarf shrub (e.g. 

Vaccinium myrtillus, Vaccinium vitis-idaea) heath type that dominates 

boreal coniferous forests (Ericson 1981, Vartiainen 1988, Merilä et al. 2002, 

Svensson and Jeglum 2003 and Karlsson Tiselius pers. obs.). 

Bryophyte species assemblages 

The regional bryophyte species pool 

For the purpose of the bryophyte community assembly (Paper III) we 

defined the regional species pool as all species with confirmed presences in 

the province of Norrbotten, Sweden and the Lapin Kolmio region in Perä-

Pohjonmaa, Finland. Data were compiled across several sources (see Paper 

III for details) to get an exhaustive a reliable species list. 

Island bryophyte assemblages 

During July and August 2010 each study island was systematically surveyed 

(during 1-2 days depending on island size) for all species of mosses and 

liverworts present. More detailed attention was given to habitats with low 

cover (e.g. dead wood, moist holes, uprootings, boulders), but potentially 

containing many specialized species. All specimens that were difficult to 

determine in the field were collected and later identified by an expert 

taxonomist 
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The trait database 

For all species in the species pool (including all species found on islands) a 

database of life history traits (spore size; frequency of sporophyte 

production; mating system; presence/absence of specialized asexual 

propagules), life strategy types according to During (1979, 1992), habitat 

affiliations (main substrate; if the species is a typical “forest species” or not; 

Ellenberg values for light, moisture and soil reaction (pH); a classification 

into “environmental affiliation classes” based on the Ellenberg values), 

phylum (Bryophyta or Marchantiophyta) and information whether the 

species is regionally abundant or not. Data was compiled from the literature 

and detailed information on sources and the classification process for the 

environmental affiliation classes can be found in Paper III (Table 3) and 

Paper II (Appendix A).  

Statistical methodology 

The works included in this thesis builds upon a fair amount of statistical 

wizardry trying to indicate process through analyses of empirical patterns. 

Papers I and II (and some of the analysis in Appendix A) are rooted in the 

field of functional data analysis and relate to the ordination framework from 

classical multivariate ecological analysis. The analyses for Paper III and 

some of the miscellaneous results in Appendix A belong in the tradition of 

multivariate applications of generalized linear models (GLM) and 

generalized linear mixed models (GLMM). Finally the nestedness analyses 

presented in Appendix A relate to the null model analysis framework from 

macroecology and island biogeography. 

Functional data analysis  

Functional data analysis deals with data which consist of replicated 

observations of continuous functions (i.e. functional data) and within this 

tradition many of the classical techniques from multivariate statistics and 

regression analysis have been extended continuous function data (see e.g. 

Ramsay 1982, Leurgans et al. 1993, Ramsay and Silverman 2006). In paper I 

we use a geometrically modified form of  the functional principal component 

analysis (fPCA) which extends the multivariate PCA (with metrics modifying 

the geometry) to the case when the data are functions  (Ramsay 1982, Ocaña 

et al. 1999, Jolliffe 2002). The geometrically modified fPCA used here was 

originally derived by Ocaña et al. (1999) in the very technical context of 

Hilbert valued random variables, but in an appendix to paper I (Appendix E) 

we present it in a hopefully more accessible way within in the duality 

diagram framework (possibly more familiar to ecological audience through 

the works by e.g. Escoufier (1987), Dolédec et al. (1996) and Thioulouse 

(2011)). 
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In paper II we develop new methodology for functional data analysis by 

extending the technique of co-inertia analysis (CoIA), developed by Chessel 

and Mercier (1993) for the analysis of co-variation patterns between 

multivariate data sets, to the case when one (or both) of the included 

datasets consists of functional data. In parallel with other functional data 

extensions of multivariate statistics, we call the new technique functional co-

inertia analysis (fCoIA) and we apply it to the co-variation between 

bryophyte species incidences and the elevation-area density functions for the 

islands. 

Non-parametric density estimation 

To construct the elevation area-density functions in paper II we used kernel 

density estimation in R 2.15.2 (R Development Core Team 2012) to convert 

the collection of elevation values (corresponding to  2m x 2m pixels in the 

digital elevation model, DEM) for each island into (non-normalized) density 

functions for which the surface area under the graph gives the area of land 

within the different parts of the elevation interval. The bandwidths for the 

estimation were chosen using the method of Sheather and Jones (1991) 

available as a built in option in R.  

The density estimation generated discrete sampled values of the density 

function on a cm-spaced grid in the interval 34-711 cm (elevation below 34 

cm were discarded due to errors for the lowest elevation in the DEM) and to 

convert the discretely sampled values into continuous functions we used a 

cubic B-spline basis expansion  (see de Boor (2001) and Ramsay and 

Silverman (2006) for more info on B-splines and basis expansions) with 

breakpoints at every sampled value (see Paper II - Appendix A for details).  

(Reduced rank) vector generalized linear models 

In paper III we wanted to model the incidence probability (on each of the 20 

study islands) as a function of traits for species in the regional species pool. 

For this purpose we used vector generalized linear models (VGLM)and 

reduced rank vector generalized linear models (RR-VGLM) in combination 

with information theoretic model selection and validation techniques 

(Burnham and Anderson 2002, Yee and Hastie 2003, Fawcett 2006). A 

VGLM model is a generalized linear model (GLM) with a vector valued (i.e. 

multivariate) response variable. As all GLMs the model includes an 

exponential family statistical distribution (e.g. Bernoulli, binomial or 

Poisson distribution) for the response variable, a link function defining a 

transformation (e.g. logit, probit or log) for the predicted response 

parameter (e.g. the mean or probability of presence, and a linear predictor 

defining the regression relationship between the predictor variables and the 

transformed response parameter. In a RR-VGLM the regression relationship 

is based on a reduced set of latent variables, defined as linear combinations 
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of the original predictor variables, and we also get an ordination model, 

similar to the redundancy analysis (see e.g. Legendre and Legendre (1998)) 

for normally distributed quantitative data, showing the variation in the 

relationships to the predictor variables and across the response variables 

(Yee and Hastie 2003).  

For the models in paper III we used a Bernoulli distribution for the 

response variable, a logit link and for the empty model (intercept only) and 

models including only one trait variable we used VGLMs and for models 

including more than one trait we used RR-VGLM. The models were 

compared using the Akaike Information Criterion (AIC, see Burnham and 

Anderson (2002)) and the three models with lowest AIC values were further 

validated using both a permutation based null model and a leave one out 

cross-validation combined with various prediction statistics ( see Paper III 

for details) 

Explanatory item response theory models 

To accommodate for the fact that species colonize island with different 

probabilities we used explanatory item response theory (IRT) models (see de 

Boeck and Wilson (2004)) to assess the effects of different variables (age, 

area, connectivity) on the colonization difficulty (i.e. the species richness) of 

each island (see Appendix A for results). The IRT models were fit to the 

species-island incidence matrix (the matrix of presences and absences on 

islands) and the incidence probability of each species on each island was 

modelled in terms of a species specific colonization ability (estimated from 

the occupancy) and the colonization difficulty of each island described by a 

set of explanatory variables. Since we were mainly interested in the island 

properties we fit the species colonization abilities as random effects and 

included a random error term in the regression relationship for the island 

colonizability. The resulting model is a hierarchical generalized linear mixed 

effects model which in the IRT literature is called a linear latent test model 

(LLTM) with error (de Boeck 2008). Models were fit using a Bayesian 

approach and Winbugs version 1.4.3 was used for Monte Carlo Markov 

Chain estimation of the model parameters (Lunn et al. 2000). Specific 

details of the modelling are presented together with results in Appendix A. 

Nestedness analyses 

We assessed the nestedness of the island bryophyte assemblages with respect 

to row (islands) orderings based on species richness, island, area, 

connectivity and maximum age. Columns (species) were ordered with 

respect to occupancy in all cases. The nestedness of each differently ordered 

incidence matrix was quantified using the NOFD metric (Almeida-Neto et al. 

2008), allowing separate assessments of the nestedness of rows and 

columns, and compared to the distributions of nestedness values for random 
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incidence matrices (1000 replications) generated under two different null 

models (see Appendix A for details).  

 

Results and discussion 

Description of connectivity across scales of effect 

In paper I we approached the problem of describing the connectivity of 

islands/patches in a way that would be relevant for species assemblages in 

which species respond to different (and often unknown) scales of effect in 

the landscape. To solve the problem we developed an approach in which the 

connectivity of each island was described by a continuous patch connectivity 

function (defined as the cumulative area of habitat with increasing distance 

from the island) followed by a functional principal component analysis 

(fPCA) to quantify and summarize the variation in shape among the 

functions. 

Performance with area based patch connectivity functions 

Our results show that the fPCA on cumulative area based patch 

connectivity functions could efficiently describe variation in patch structural 

connectivity across multiple scales of effect. The connectivity information is 

present in the patch connectivity function shapes (function values, slope and 

curvature) and, by extracting major modes of shape variation among 

functions, the fPCA model captures variation among patches in both habitat 

availability (patch connectivity function values) and habitat density (function 

slopes) and configuration (function curvature) within all distances up to 10 

km (the maximum distance we chose when designing the function interval) 

(see Fig 5 and 6 above and Paper I – Fig 4 and 5). The fPCA model defines a 

linear model reconstructing the original patch connectivity function shapes 

in terms of linear combinations of the principal component functions (the 

major modes of shape variation, Fig 5 and Paper I – Fig 4). The coefficients 

for the linear combinations are given by the island scores on each axis and, 

given the principal components functions, we can thus translate the island 

positions in the score plot (Fig 6 and Paper I – Fig 5) into information on 

habitat availability and “fragmentation” (habitat density along the distance 

axis) in the subset of the landscape surrounding each patch.  

In addition to information on patch connectivities the fPCA model may 

also give information on some aspects of the landscape connectivity. The 

model retains the island/patch identities and by keeping track of the spatial 

positions of islands it is possible to explore the connectivity in different parts 

of the landscape. Information on the entire landscape may be obtained by 

studying distributions of fPCA scores.  
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The approach gives information on structural connectivity (Kindlmann 

and Burel 2008). When considering passively dispersing organisms (e.g. 

vascular plants, bryophytes or fungi) the structural connectivity may 

correspond fairly well to the functional connectivity but for actively 

dispersing organisms we would need to supplement the structural 

representation with explicit information on species movement/dispersal 

behaviours and/or occupancy in the landscape (Kadoya 2009, Kool et al. 

2013). The fPCA approach on patch connectivity functions may, in any case, 

nevertheless aid analyses of connectivity by providing landscape information 

that does not depend on arbitrary choices of a scale of effect. 

Other metrics and frameworks 

The fPCA on continuous function representations of connectivity metrics 

is a general approach which is not limited to the case of cumulative area 

based patch connectivity functions described above. It can be applied to any 

connectivity metric for which a continuous function representation can be 

defined with respect to a scale defining variable (see Paper I – Supplement 

S1 for examples) and permits analyses without the need to define a single 

scale of effect. By interpreting the shapes of the continuous function 

representations it is possible to extract information hidden in scalar valued 

(single value) applications (see Paper I- Table S1.2 in Supplement S1). The 

function values gives the value of the connectivity for the full range of 

included scales  and the function slopes and curvatures give information 

about the sensitivity of the connectivity to the varying scale of effect. In some 

cases, for example with the graph based incidence function model (IFM) 

metric (see Hanski (1994)) defined over an interval of average species 

dispersal distances, the slopes and curvature may even be interpreted as a 

“strength of effect of fragmentation” on the connectivity metric  with varying 

species dispersal capacity in the landscape.  

Single scale vs continuous function representation 

When using a scalar valued single scale approach all information on 

landscape structure is condensed into a single point value. When extending 

the representation into a continuous function of a spatial variable (e.g. a 

distance) it is possible to explicitly express some of the information (e.g. the 

habitat density at different distances from a patch expressed as slopes in our 

patch connectivity function) which is otherwise implicitly included in the 

single value.  

A scalar valued metric approach to quantifying connectivity can give 

abundant information contingent on the choice of a “scale of effect” (see 

Paper I- Table S1.1 in Supplement S1 and e.g. Rayfield et al. (2011) or Kool et 

al. (2013)) but while these techniques focus on describing several aspects of 

landscape and patch connectivity with respect to organisms responding to a 
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given scale (i.e. a single species approach), our approach with fPCA on 

continuous function representations focus on a general description valid for 

entire assemblages of species which respond to different scales along a 

continuum. If we recall the abstraction scheme described by Ollman (2003) 

we see that our multispecies and continuous scale approach corresponds to a 

different level of generality than the single metric single scale approaches. 

We sacrifice detail in the functional connectivity with respect to individual 

species but we gain in applicability to a more general multispecies situation. 

In some cases (when the level of generality of the approach corresponds to 

the level of generality of the ecological question) we can see that the 

application of a continuous function representation could give more detailed 

information than the single/discrete scale approach. Consider for example 

the case, described by Minor and Lookingbill (2010), of the evaluation of 

connectivity of protected area networks with respect to assemblages of 

mammals (with species responding different, and known, scales of effect 

along a wide continuum). To capture some of the variation in connectivity 

with respect to the different scales of effect Minor and Lookingbill (2010) 

chose to evaluate a graph based connectivity metric at three different 

discrete scales (small, medium, large) corresponding to hypothetical 

groupings of species. With an fPCA on continuous function representations 

they could have captured the variation in connectivity with respect to the full 

continuum of scales represented by the species assemblages and could have 

avoided the sacrifice of information on individual species inherent in the 

choice of discrete scales. 

Gain in information from functional data analysis 

The representation of a connectivity metric as a continuous function of a 

scale defining variable is not unique to our approach (see e.g. Aune et al. 

2005, Laita et al. 2010, Bergsten et al. 2013, Ernst 2014), but, as we 

described in the introduction, the existing approaches perform poorly  when 

the connectivity should be described for larger numbers (~>5) of objects 

(patches or landscapes).  

The fPCA step in our approach solves this problem and permits the 

comparison of large sets of curves. In addition to summarizing the variation 

in curve shapes (in terms of major modes of variation, see Fig 5), the model 

also keeps information on the individual included objects in the form of 

scores which can be plotted to comprehensively visualize the variation 

(corresponding to distances among curves in function space) across all 

objects. The scores also give a quantification (which is not possible with 

simple visual comparisons) of the variation and may be used as descriptors 

in subsequent data analyses where the connectivity needs to be represented 

in way relevant for a continuum of scales of effect. 
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Potential applications 

Our approach with fPCA on continuous function representations of 

connectivity metrics has potential applications both within the design of 

spatially explicit field studies in multispecies system and within the 

framework of multispecies and multiscale conservation. The approach 

developed in Paper I was actually developed with the purpose of aiding the 

selection of study sites for our studies of dispersal and colonization abilities 

of species within broad species groups (i.e. the bryophyte assemblages in 

Paper III, but also wood-inhabiting fungi and beetles in the same sites).  

In a conservation context the approach could for example be used to 

identify sets of patches maximizing connectivity across as many scales of 

effect as possible , or to identify patches with high connectivity with respect 

to subsets of species responding to different, but known, scales of effect. The 

information given by the fPCA model could also be used to prioritize high 

connectivity patches for multispecies conservation or to identify at which 

scales connectivity is lacking within a set of patches (gap analysis). 

 

The potential of using the scores from the fPCA analysis as descriptors 

within data analyses still needs to be thoroughly evaluated. The 

interpretability of the scores as multispecies connectivity indices will depend 

on the context of the specific fPCA analysis but the scores for our study 

islands and the applications within Paper III (and the analyses in Appendix 

A) show promising results in this regard.  

The functional co-inertia analysis 

In paper II we developed a new statistical technique, the functional co-

inertia analysis (fCoIA), to analyze the co-variation between multivariate 

and functional ecological data (see the paper for details on the mathematics). 

Although we developed the technique for the purpose of analyzing co-

variation between continuous functions and multivariate species data, it may 

also be applied to the case when both datasets consists of continuous 

functions (see Paper II – Appendix B). The fCoIA is a functional data 

analysis extension of the multivariate co-inertia analysis developed by 

Chessel and Mercier (1993) and reduces to this technique when both data 

sets are multivariate.  

For the functional-functional case there exists other functional data 

analysis techniques and we have for example the functional canonical 

correlation described by Leurgans et al. (1993) or the functional singular 

component analysis by Yang et al. (2011). Compared to these techniques the 

fCoIA provides additional flexibility by allowing the inclusion of arbitrary 

positive definite metrics to adapt the geometry of the analysis to specific 

characteristics of the data (in line with the modifications of the fPCA 

described by Ocaña et al. (1999)). 
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Application to the bryophyte and elevation-area data 

When applied to the relationship between bryophyte species incidences 

(multivariate data) and the elevation-area density functions (functional data) 

for our study islands, the technique managed to provide an efficient 

summary and description of the co-variation patterns between the functions 

and the  117 bryophyte species included in the study. 

The information on the co-variation between the incidence of each of the 

117 species and the island elevation-area functions is contained in the shapes 

of cross-covariance functions and the fCoIA analysis decomposes the shape 

variation among the 117 cross-covariance functions into a reduced set of 

functional weights (Paper II – Fig3B), describing major modes of shape 

variation, and a set of species weights (Paper II – Fig 3A and Fig 4) showing 

the contribution of each major mode of variation to the shape of each species 

cross-covariance function. Similar to the fPCA above, we can thus, given the 

functional weights, translate scatter plots of species weights (Paper II –Fig 4) 

into cross-covariance function shapes giving information on the co-variation 

between each species incidence and the area of land at different elevations 

on the islands. 

Considering the extraction of ecological information, the fCoIA managed to 

pick up responses of different species to important ecological gradients (e.g. 

disturbance, soil moisture, amount of dead wood) following the elevation 

(age) gradient on the islands. By using a functional data analysis approach 

we were able to incorporate aspects of the island temporal dynamics into the 

analysis and, compared to a static analysis including a discrete maximum 

age or total area for each island, the fCoIA gave a more realistic 

representation of the relationship between species occurrences and the land 

uplift/succession dynamics of the islands. 

Other applications 

The possibility to include function valued data in the analysis makes the 

fCoIA suitable for many ecological problems including dynamic processes in 

space or time. It could for example be the relationship between flow regimes 

of streams or rivers and the species composition of riparian vegetation, but 

the technique generalizes to any case when a dynamic process can be 

expressed as a continuous function (e.g. litter decomposition process 

dynamics in relation to species composition). Another possible application is 

to relationships between function valued organism traits (e.g. the reaction 

norm of a plastic phenotypic trait) and variables describing the environment 

or characteristics of individuals, 
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Bryophyte community assembly and composition 

Our results on the island bryophyte assemblages show that a combination of 

habitat and dispersal related factors are involved in determining the species 

compositions on our study islands. There was also a relatively high turnover 

in species identities (the species richness of the most species rich island was 

less than half the total richness of all islands together) across the islands. 

This suggests some degree of stochasticity in the assembly processes but it is 

however not, with the coarse grain data at hand, possible to determine the 

importance of stochasticity versus unobserved abiotic/biotic processes for 

explaining the turnover patterns. 

Habitat controls 

Bryophyte colonization on the islands is strongly controlled by the 

availability of suitable habitats. For habitats that are rare on the islands we 

found a strong filtering effect with sharply decreased presence probabilities 

for species associated with those habitats (Paper III). The results also 

suggested the existence of thresholds of habitat availability above which 

other processes (such as dispersal limitation or stochastic events) are more 

important that the habitat filtering. This was shown by a distinct pattern 

with either relatively strong and statistically significant effects or small, 

uncertain and non-significant effects of habitat affiliation parameters across 

the study islands. In addition the filtering effect for species in several habitat 

affiliation categories disappeared on the three largest islands. Filtering 

effects across islands did also follow known environmental gradients in the 

landscape, for example the acidic to basic/intermediate gradient in bedrock 

composition going from west to east in the archipelago. The response of the 

species composition to environmental gradients is also shown by the 

analyses in paper II which indicate a strong co-variation between the area of 

suitable habitats (with respect to habitats following the elevation-area 

patterns on the islands) and the incidence of bryophytes species in different 

ecological categories. The habitat filtering hypotheses is also consistent with 

the, albeit relatively weak, nested patterns (Appendix A) found when 

ordering island assemblages both with respect to species richness and with 

respect to decreasing habitat area (under the assumption that the number of 

different microhabitats increase with area). That habitat availability is the 

driving factor is also suggested by the stronger nestedness (higher row 

nestedness value, Table A1 and A2 in Appendix A) with species richness 

ordered than with area ordered islands assemblages. 

The strong relationship between habitat availability and bryophyte species 

incidence was not unexpected in light of the multitude of studies showing the 

importance of abiotic conditions and substrate/microsite availability for 

bryophyte community composition and species richness (e.g. Frisvoll and 

Prestø 1997, Ohlson et al. 1997, Mills and Macdonald 2004, Fenton and 
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Bergeron 2008, Ódor et al. 2013, Granzow-de la Cerda et al. 2016). In a 

recent paper Kuglerová et al. (2016) showed that bryophyte community 

compositions were related to patterns of groundwater discharge in a boreal 

forest landscape. For bryophytes in streamside forests Hylander and 

Dynesius (2006) found that gradients in community composition and 

species richness were best explained by the variation in pH and substrate 

composition among sites.  

Dispersal processes 

The compositions of islands bryophyte assemblages are also influenced by 

dispersal processes. Our results indicate that both landscape scale dispersal 

and local (within island) dispersal are important for determining the 

assemblage compositions.  

In paper III we found a strong much lower island presence probability for 

primarily asexual (rarely/never producing sporophytes) species compared to 

species which at least occasionally produce sporophytes (sexual species). The 

presence probabilities for the asexual species increased with increasing 

island connectivity but no such patterns were found for the sexual species. 

These findings area in line with those by Löbel et al. (2006) who, working 

with epiphytes in deciduous forests, found that the incidences of asexual 

species were more dependent on stand connectivity than sexually dispersed 

(i.e. with spores) species. Contrasting results have however been found for a 

handful of species. For two epiphytic bryophyte species (with contrasting 

dispersal strategies) in the genus Orthotrichum both Snäll et al. (2003) and 

Hedenås et al. (2003) found dispersal limitation (in the local scale) in the 

sexual but not in the asexual species. Snäll et al. (2004) found that 

occurrences of the sexually dispersed epiphyte Neckera pennata were 

dependent on both past and present connectivity (suggesting dispersal 

limitation) of host trees. These apparent contradictions in the results for 

individual species should be viewed in light of the levels of generality 

discussed by Ollman (2003) and Levins (2007). We believe that our results, 

generalizing those of Löbel et al. (2006), on dispersal limitation in asexual 

species represent a general pattern for boreal bryophytes, although 

individual species may deviate from the dominating pattern. Our results in 

Paper III do not, however, necessarily imply an absence of dispersal 

limitation in sexually dispersed species. Diaspore output at the local and 

landscape scale is also dependent on the species abundances and we found 

strong negative effects on island occurrence probabilities of not being 

regionally abundant (although this effect also may occur because regionally 

rare species are specialized on rare habitats). Similar dependencies of 

occurrence probabilities on the regional spore output were also found by 

Lönnell (2014), for bryophytes colonizing limed mires, and by Sundberg et 

al. (2006) for Sphagnum spp. on land uplift islands. 
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With the exception of the positive effects of increasing connectivity on 

island occurrences probabilities in asexual species we found no other 

patterns suggestive of a distance dependency of the island occurrences. 

These results support the hypothesis, put forward by Hylander (2009) and 

Lönnell et al. (2014), that bryophyte colonization in local patches is 

regulated through the composition of a regional diaspore rain (Fig 1A) 

recruited from all species populations in the landscape. The connectivity 

dependency in the species which rarely or never produce sporophytes does 

however suggest that these species may, at least partly show a distance 

dependent dispersal pattern (Fig1B). This is not unlikely given the 

dominance of local scale (within patch) dispersal reported for asexual 

propagules and gametophyte fragments in the literature (McDaniel and 

Miller 2000, Laaka-Lindberg et al. 2003). Longer dispersal distances for 

asexual propagules have however been reported in some species (see e.g. 

Pohjamo et al. (2006) for an example with gemmae in Anastrophyllum 

hellerianum) and other studies have shown a possible role for animal vectors 

for long distance dispersal in asexual species (Laaka-Lindberg et al. 2003, 

Ingimundardóttir et al. 2014).  

 

Having specialized vegetative propagules had a positive effect on the 

probability of occurrence on the islands and could partly, but not completely, 

compensate for the reduction in probability due to the absence of 

sporophytes in asexual species (Paper III). This is in line with the trade-off 

between dispersal distance and establishment capacity suggested by (Löbel 

and Rydin 2009, 2010) for epiphytic bryophytes, but also points to the 

importance of local dispersal for the maintenance of populations under the 

succession driven spatial turnover of microsites on the islands. These local 

extinction and colonization processes can be expected to be more important 

for species with more vagile life history strategies and also depend on the 

availability of microsites. This is reflected by the  results in paper II (Fig 4B) 

showing that species with fugitive, colonist and shuttle life strategies (sensu 

During (1979, 1992)) display a stronger co-variance with the area patterns at 

different elevations than many perennial species.  

 

We found no relationships between bryophyte spore sizes and the 

presence probabilities on the islands. This is in line with results in e.g. 

Sundberg (2013) and Lönnell et al. (2012) who showed that large spores can 

be transported far in the landscape scale and beyond.  

Contrary to expectations we found no effects of bryophyte mating system 

on the colonization capacity of species. According to Baker´s law (Baker 

1955) we would have expected dioecious species  to have lower colonization 

probabilities (since both male and female individual need to colonize for 
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successful sexual reproduction in the population)  but, in contrast to Patiño 

et al. (2013) who found that Baker´s law applies to bryophytes on oceanic 

islands in the continental scale, we found no such patterns at the landscape 

scale of our study. 

 

In contrast to the dispersal limitation displayed when the island 

assemblages were studied in the relation to the regional species pool (Paper 

III), neither connectivity nor island maximum elevation (age) were found to 

be important in relation to the nestedness of species assemblages on the 

islands (Table A6 and A7 in Appendix A). This apparent lack of dispersal 

structuring suggests that species with poorer dispersal capacity may already 

have been filtered out during the colonization of islands, so that the species 

assemblages on the islands thus consist mainly of species which are not 

dispersal limited at the landscape scale. The lack of relationship between 

nestedness and connectivity also gives some support to the hypothesis of a 

regional spore rain (Fig 1A) as regulator of the colonization probabilities.  

We did also perform an fCoIA between the island bryophyte assemblages 

and the patch connectivity functions, but the results were not significantly 

different from results generated under 1000 replications of a null model of 

random pairing of observations. 

“Species numbers games” 

We did find a distinctly positive relationship between area and bryophyte 

species richness on the islands but there were no certain effects of either 

island connectivity or maximum elevation (Appendix A). This lack of 

connectivity and age effects is in line with the results for the nestedness 

above and may be explained along the same line of argument with respect to 

filtered assemblages. In their study on bryophytes on islands in  Lake 

Manapouri, New Zealand, Tangney et al. (1990) found similar results with a 

distinct positive effect of island area on species richness but only weak and 

ambiguous effects of island isolation. Working in smaller scales Kimmerer 

and Driscoll (2000) failed to find any significant species-area or species-

isolation relationships for bryophytes on glacial erratic boulders but contrary 

to their findings Virtanen and Oksanen (2007) found that the occurrence of 

colonist bryophyte species (sensu During (1979, 1992)) on calcareous 

boulders was positively related to boulder connectivity.  

Implications for bryophyte conservation 

Our results suggest that asexual species (which rarely or never produce 

spores) may be more vulnerable to habitat loss in the landscape than sexual 

species. Habitat fragmentation, and associated increased risks of stochastic 

extinctions, may have disproportionate negative effects on asexual species 

due to reduced recolonization probabilities and reduced rescue effects for 
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species that are sparsely represented in the regional spore rain. Sexual 

species are, however, not safe from the dispersal related negative effects 

since the contribution to the regional spore rain also depends on the regional 

abundance of the species. Species occupying habitats that are rare in the 

landscape will tend to have a low spore output and with increasing habitat 

loss the negative effects will be exacerbated by accompanying reductions in 

the species contributions to the regional spore rain. 

When considering conservation measures for bryophytes in fragmented 

landscapes our results suggest that a strategy aimed at conserving the 

regional spore rain can be successful. For sexual species (at least 

occasionally producing sporophytes) we envision a strategy focusing on 

conserving and restoring the frequency of propagule sources (i.e. local 

habitat/substrate patches) regardless of patch connectivities. For asexual 

bryophyte species we may on the other hand need a strategy aimed at 

increasing the connectivity of habitat patches and a practice of spatially 

concentrating conservation and restoration measures may be the way 

forward. To evaluate the potential connectivity of patches in such 

conservation network the strategy for multispecies connectivity described in 

paper I could prove itself useful.  
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Appendix A – Miscellaneous results 

Species area, age and isolation relationships. 

Method 

To explore patterns of species occupancy and island species richness with 

respect to the variation in age, area and isolation of islands, explanatory item 

response theory (IRT) models (de Boeck and Wilson 2004)were fit  to the 

matrix of species incidences across islands. The IRT models used here are 

generalized linear mixed models for binary multivariate data (e.g. species 

presence/absence across a set of sites) and predict the probability of 

incidence (πij) for each species on each island as the difference between a 

species specific colonization ability (αi) and the colonization difficulty (δj) of 

each island described by a regression model including a set of explanatory 

variables and random error. In the IRT literature this specific model type  is 

called a linear latent test model (LLTM)with error (de Boeck 2008). 

Compared to a simple generalized linear model with a Poisson distribution 

for the species island species richness, the LLTM model avoids the 

ecologically unrealistic assumption of repeated Bernoulli trials with equal 

species colonization probabilities and also permits the simultaneous 

modelling of species occupancy and island species richness.  

The models were fit using Bayesian estimation. We assumed that the 

response (yij, incidence of species i on island j) followed a Bernoulli 

distribution with probability parameter πij and we used a logit link function. 

Since we were mainly interested in the effects of island properties on the 

colonizability, we fit the species colonization abilities ((αi) as random effects 

from a normal distribution with zero mean and precision τα. The regression 

coefficients (β) for the explanatory variables in the model matrix X, (which 

also includes a vector of ones for the intercept) in the regression model for 

the colonization difficulties (δj) were estimated as fixed effects using a diffuse 

multivariate normal distribution as prior. For each island we also fit a 

random error (εj) following a normal distribution with zero mean and 

precision τε. Following de Boeck (2008)As priors for the precision 

parameters (τα and τε ) we used gamma distributions with shape and rate 

parameters equal to 1, as priors for the precision parameters (τα and τε ). A 

summary of the model structure is given below: 
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Models were fit with different sets of explanatory variables for the island 

colonizability (the variables included in each model are presented in Tables 

A1-A4 below). Each model was estimated using Monte Carlo Markov Chain 

simulation in Winbugs version 1.4.3. Three parallel chains were initiated and 

simulations were ran until convergence (20000 iterations), as detectable 

from the decay in autocorrelations patterns and the convergence statistics 

(Gelman-Rubin statistic ≈ 1) calculated for the chains. 

Results 

All models had similar fit (mean deviance ≈2730) but differ in the 

explanatory power (reduction of the error variance (1/ τε) for the difficulties). 

As expected we found decreasing colonization difficulties with increasing 

island area (Tables A2). The changes in colonization difficulty with respect to 

island connectivity and maximum elevation were uncertain (95% credible 

interval going through zero) given the data (Tables A3). 

 

Table 1. A model with only an intercept and random error (with variance 1/ τε ) as explanatory 

parameters for the island colonization difficulties. Colonization abilities were estimated as 

random effects with variance 1/ τα. Deviance is -2*log-likelihood. 

Parameter Mean StDev 2.50% 97,5% 

Intercept 1.10 0.23 0.65 1.57 

τε 2.15 0.71 1.00 3.70 

τα 0.21 0.03 0.16 0.27 

Deviance 2731.0 19.9 2695.0 2771.0 
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Table A2. A model with intercept, island area and random error (with variance 1/ τε) as 

explanatory parameters for the island colonization difficulties. Colonization abilities were 

estimated as random effects with variance 1/ τα. Deviance is -2*log-likelihood. 

Parameter Mean StDev 2.50% 97,5% 

Intercept 1.10 0.22 0.65 1.52 

Area -0.39 0.15 -0.71 -0.10 

τε 2.90 0.99 1.37 5.28 

τα 0.21 0.03 0.16 0.26 

Deviance 2729.0 19.9 2692.0 2768.0 

 

 

 

Table A3. A model with intercept, island area, maximum elevation and random error (with 

variance 1/ τε) as explanatory parameters for the island colonization difficulties. Colonization 

abilities were estimated as random effects with variance 1/ τα. Deviance is -2*log-likelihood. 

Parameter Mean StDev 2.50% 97,5% 

Intercept 1.09 0.23 0.63 1.51 

Area -0.35 0.18 -0.69 0.00 

ConnPC1 0.11 0.19 -0.26 0.49 

Max.elev. 0.00 0.17 -0.34 0.34 

τε 2.63 0.96 1.15 4.91 

τα 0.21 0.03 0.16 0.27 

Deviance 2730.0 19.9 2693.0 2770.0 

 

Nestedness 

Method 

We assessed the nestedness of the island bryophyte assemblages with respect 

to row (islands) orderings based on species richness, island, area, 

connectivity (first principal component score from the fPCA model on the 

patch connectivity function, see Paper III-Table 1) and maximum age. 

Columns (species) were ordered with respect to occupancy in all cases. The 

nestedness of each differently ordered incidence matrix was quantified using 

the NOFD metric (Almeida-Neto et al. 2008), allowing separate assessments 

of the nestedness of rows and columns, and compared to the distributions of 

nestedness values for random incidence matrices (1000 replications) 

generated under two different null models. The first null model was a 

restrictive “fixed-fixed” model (using the “quasiswap” algorithm in Miklós 
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and Podani (2004)) filling the matrix randomly under the constraints that 

both the species richness of each island and the occupancy of each species 

are kept at the values in the original matrix.  The other null model was the 

RANDNEST model (Jonsson 2001) under which the incidence matrix  is 

randomly  populated under the constraint that species colonization 

probabilities are proportional to the occupancies observed in the sample. All 

calculations were made using R 2.15.2 (R Development Core Team 2012)and 

the vegan package (Oksanen et al. 2012). 

Results 

When islands (rows) were sorted in order of decreasing species richness the 

assemblages were significantly nested (p<0.001) according to the NODF 

metric the under the RANDNEST null model but not (p>0.05) under the 

fixed-fixed null model (Table A4). The same pattern was found when islands 

were sorted in order of decreasing area (Table A5). The nestedness patterns 

are not very strong since the more restrictive null model failed to detect 

deviations from randomness. Island assemblages were not nested when 

islands were sorted in order of decreasing connectivity or maximum 

elevation (Tables A6-A7) 

 

Table A4. Nestedness statistics for the bryophyte incidence matrix with rows (islands) sorted in 

order of decreasing species richness. Columns (species) were sorted in order of decreasing 

occupancy. The table shows the value of the NODF metric together with the values for row and 

column nestedness also given by the metric calculation. The simulated median from the fixed-

fixed (M1) and the RANDNEST (M2) null model simulation is given with the corresponding Z-

scores (Z1, Z2) and p-values (p1, p2) from the test of the null hypothesis that the metric values are 

equal to their median under the null model.  

Nestedness Value M1 Z1 p1 M2 Z2 p2 

Column 51.91 51.48 1.56 0.10 46.84 24.93 <0.001 

Row 71.80 71.77 0.28 0.77 62.46 5.82 <0.001 

NODF 52.10 51.68 1.56 0.10 46.99 24.23 <0.001 
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Table A5. Nestedness statistics for the bryophyte incidence matrix with rows (islands) sorted in 

order of decreasing island area. Columns (species) were sorted in order of decreasing 

occupancy. The table shows the value of the NODF metric together with the values for row and 

column nestedness also given by the metric calculation. The simulated median from the fixed-

fixed (M1) and the RANDNEST (M2) null model simulation is given with the corresponding Z-

scores (Z1, Z2) and p-values (p1, p2) from the test of the null hypothesis that the metric values are 

equal to their median under the null model.  

Nestedness Value M1 Z1 p1 M2 Z2 p2 

Column 52.94 52.51 1.42 0.14 47.66 26.20 <0.001 

Row 47.10 47.29 -0.86 0.40 31.24 2.86 <0.001 

NODF 52.88 52.46 1.42 0.15 47.49 25.34 <0.001 

 

 

Table A6. Nestedness statistics for the bryophyte incidence matrix with rows (islands) sorted in 

order of decreasing island connectivity. Columns (species) were sorted in order of decreasing 

occupancy. The table shows the value of the NODF metric together with the values for row and 

column nestedness also given by the metric calculation. The simulated median from the fixed-

fixed (M1) and the RANDNEST (M2) null model simulation is given with the corresponding Z-

scores (Z1, Z2) and p-values (p1, p2) from the test of the null hypothesis that the metric values are 

equal to their median under the null model. 

Nestedness Value M1 Z1 p1 M2 Z2 p2 

Column 52.94 52.51 1.43 0.13 47.68 25.87 0.00 

Row 26.18 26.07 0.68 0.48 31.49 -0.98 0.35 

NODF 52.66 52.24 1.43 0.13 47.51 24.13 0.00 

 

 

Table A7. Nestedness statistics for the bryophyte incidence matrix with rows (islands) sorted in 

order of decreasing island maximum elevation (age). Columns (species) were sorted in order of 

decreasing occupancy. The table shows the value of the NODF metric together with the values 

for row and column nestedness also given by the metric calculation. The simulated median from 

the fixed-fixed (M1) and the RANDNEST (M2) null model simulation is given with the 

corresponding Z-scores (Z1, Z2) and p-values (p1, p2) from the test of the null hypothesis that the 

metric values are equal to their median under the null model. 

Nestedness Value M1 Z1 p1 M2 Z2 p2 

Column 52.94 52.53 1.40 0.13 47.66 26.35 0.00 

Row 32.87 33.00 -0.51 0.60 31.34 0.26 0.78 

NODF 52.73 52.33 1.40 0.13 47.50 25.27 0.00 

 

 

 


