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ABSTRACT 

Climate change is expected to place peripheral populations of some species at higher 

risk of extirpation than others, yet these populations may be significant because they 

may contain important evolutionary potential. Assessing the conservation significance of 

peripheral populations is complex, and requires an evaluation of their genetic and 

ecological distinctness, as well as their likely persistence (extirpation risk) in a changing 

climate. 

To address the question of whether rear-edge populations of widespread species are 

genetically distinct, I used Amplified Fragment Length Polymorphisms (AFLPs) to 

assess genetic diversity and genetic differentiation of arctic-alpine Anemone parviflora, 

Dryas integrifolia and Vaccinium uliginosum in Atlantic Canada. The three species 

showed different genetic patterns at the rear range edge possibly associated with 

different dispersal capacities and phylogeographic histories. No strong predictors of 

genetic patterns (disjunction, distance, disturbance) could be confirmed for rear range-

edge populations. Some disjunct populations of all three species maintained considerable 

genetic diversity. 

To evaluate if rear-edge disjunct populations of A. parviflora, and D. integrifolia at 

Wilson Brook, NB, are at risk of extirpation from a warming climate, the microclimate 

of the site was compared to local, regional and northern climates, and short-term 

responses of population growth to microclimatic variation were evaluated through 
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survey and experimental approaches (Open Top Chambers). The persistence of rear-

edge disjunct populations at Wilson Brook may be attributable to a cooler local 

microclimate. While the temperature manipulation experiment did not increase 

temperatures in the experimental plots as intended, there were no biologically significant 

associations of microclimate variables with population growth.  

Species prioritization based on extinction risk assessments may not be useful for 

peripheral populations of widespread species, because peripheral populations need to be 

evaluated at the population rather than species level. I propose a framework that is based 

on genetic and ecological distinctness as well as extinction risk, and apply it to disjunct 

range-edge populations of the three species. While none of the disjunct populations were 

identified as of high conservation significance through this process, my research 

highlights the value of a population-level approach for these rear-edge disjunct 

populations.  
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Chapter 1 - Introduction 

Climate change is expected to increase temperatures in Canada by 1.1 to 5.6°C by 2100 

and to increase variability in weather (Government of Canada 2016). In some species, 

range shifts (range expansions and contractions), local extinctions, and changes in 

phenology and abundance have already been attributed to climate change (Parmesan & 

Yohe 2003, Thomas et al. 2004, Parmesan 2006, 2007, Cahill et al. 2012, Provan & 

Maggs 2012, Peñuelas et al. 2013, Field et al. 2014). Populations that are currently at the 

periphery of a species' range (range edge), and are presumably at their niche limits, will 

experience stress because they occur beyond their optimal growing conditions, and they 

might be at higher risk of extinction or extirpation under predicted future climate change 

(Lesica & McCune 2004, Thomas et al. 2004, Crawford 2008, Thomas et al. 2008, 

Hardie & Hutchings 2010, Pauls et al. 2013).  

Predictions of expected biodiversity loss due to climate change are in the range of 1% to 

over 50% of species, depending on the modeling approach (Field et al. 2014), and are 

expected to accelerate with warming. Climate change may put additional pressures on 

rare species that are already under threat for other reasons, but it may also affect 

common and widespread species. For example, some alien, as well as native species, are 

already benefitting from warmer conditions (Jia et al. 2016). Some species may be able 

to respond to the expected changes to some extent (e.g., through migration or 

adaptation), but if populations are lost, genetic diversity may decline. The loss of 

populations that harbor unique genetic diversity may have implications for the potential 
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of local populations, and the species, to respond to climate change (Bunnell et al. 2004, 

Pfeifer et al. 2010, Hampe & Jump 2011). Given that isolated and / or peripheral 

populations are expected to harbor unique diversity, they may be particularly important 

from a conservation perspective (Lesica & Allendorf 1995, Channell 2004, Hampe & 

Jump 2011). 

In the context of range limit theory on population genetic patterns across ranges, and 

focusing on rear range-edge populations, I ask whether (1) rear-edge populations of 

widespread arctic-alpine species in Eastern Canada are genetically distinct from core 

populations; (2) distance and isolation factors of three species are associated with 

genetic variability (within and among populations); (3) disjunct populations are likely to 

be affected by a warming climate; and how (4) conservation significance of rear-edge 

disjunct populations can be determined based on a species and a population-based 

assessment process. 
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1.2 Geographic distribution patterns and range limits 

In their simplest form, species' ranges, which form the unit of study in biogeography 

(Crawford 2008), are expected to represent the geographic expression of species' 

ecological tolerances and / or requirements for abiotic (environmental) and biotic 

factors. Leading edges are characterized by younger populations, which are likely due to 

recent colonization or expansion events (Fig. 1.1). Populations at leading edges may be 

critically important for conserving processes that allow species to survive climate 

change (e.g., by establishing new populations in previously inhospitable areas, and thus 

permitting range shifts at the expanding range limit; Gibson et al. 2009). Species' 

populations at rear edges (i.e., those defined as being located at retreating or stable range 

edges) may contain unique genotypes that can survive and acclimate to changing 

conditions, and which are not present elsewhere within the range (Channell 2004, 

Hampe & Jump 2011). If some rear-edge populations have persisted as climate relicts 

(populations that have become isolated due to climate-induced range shifts), or as 

refugial populations (populations that survived glaciations) for exceptionally long 

periods of time, these populations may be important for preserving ecological and / or 

evolutionary histories (Woolbright et al. 2014), and may contribute disproportionally to 

a species' overall diversity (Channell 2004, Hampe & Petit 2005). They may thus be 

important for the conservation of a species, especially if local adaptation has occurred 

(Lesica & Allendorf 1995, Hampe & Petit 2005). At the range center, within population 

genetic diversity is expected to be high according to theory, with considerable gene 
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flow, thereby limiting differentiation among populations. Climate warming could result 

in shifts at the leading edge (northwards in the northern hemisphere), while increased 

stress due to temperatures exceeding the tolerable range for the species, or increasing 

competition, could cause range contractions for some species, including local population 

extirpations, at the rear edge (Hampe & Petit 2005, Woolbright et al. 2014, Sexton et al. 

2016). 

1.2.1 Geographic range patterns  

There has been considerable research about patterns of demography, fitness and genetic 

variability across species' geographical ranges (Gapare & Aitken 2005, Sagarin et al. 

2006, Samis & Eckert 2007, Eckert et al. 2008, Yakimowski & Eckert 2008, Duffy et al. 

2009). The literature provides expectations of a species' range edge such as decreased 

abundance (Sagarin et al. 2006), decreased fitness (Angert 2006), decreased genetic 

diversity within (Csergö et al. 2009, Hampe & Jump 2011) and increased genetic 

differentiation among populations (Bruederle 1999, Hampe & Jump 2011). Existing 

evidence suggests that patterns across species' ranges are more complex than theoretical 

models suggest. For example, two Viola species (V. pumila and V. stagina) that occupy 

floodplain habitat in Europe at the edge of their range showed higher genetic variability 

in the center of their range as expected, yet in a third related species, V. elatior, there 

was no difference in genetic variability between central and peripheral populations 

(Eckstein et al. 2006). Similar contradictions between theoretically predicted versus 

observed diversity patterns have been reported for other species. For example, levels of 
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genetic diversity were not related to populations size (as estimated by census of 

flowering tussocks) in Stipa pennata (Wagner et al. 2012), and similar levels of genetic 

diversity compared to the range center were observed in some peripheral populations of 

Zostera marina (Diekmann & Serrao 2012). This ambiguity may be attributable to 

historic factors (i.e., phylogeography, such as glaciation history) and contemporary 

factors (e.g., population size, density, distance from range center, and habitat 

fragmentation), which are often ignored in such studies (Eckert et al. 2008). A recent 

review of the “central-peripheral hypothesis” by Pironon et al. (2016) confirmed that 

reduced genetic diversity and increased genetic differentiation were demonstrated in < 

50% of 248 studies analyzed. 

1.2.2 Determinants of range limits  

Species' range limits are set by abiotic factors such as light, temperature, water, substrate 

chemistry, disturbance, climate, topography, and biotic factors including competition, 

predation, disease and parasitism. Temperature is one of the most important abiotic 

factors and is an essential variable in plant growth and development (Lambers et al. 

2008). For example, metabolic rates of plants are directly affected by temperature 

through its effect on enzyme function (Mackenzie et al. 2001, Źróbek-Sokolnik 2012).  

Abiotic and biotic factors may also interact and therefore play divergent roles at 

different range edges (Schickhoff 2011). Species are typically adapted to the range of 

environmental conditions that naturally occur within their habitats (Grime 1979). A 

species' physiological range of tolerance determines the upper and lower limits of 
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environmental conditions within which members of the species can survive, and beyond 

which growth and reproduction will not occur. Growth and reproduction are greatest 

under a narrow range of conditions that are optimal for a species (Mackenzie et al. 

2001). The geographic range across which these optimal conditions occur is expected to 

correspond with the center of the species' distribution (Kormondy 1996), and the area of 

greatest abundance. In areas beyond this optimum range, populations are predicted to be 

smaller and individuals more physiologically stressed (Cox & Moore 2005, Pironon et 

al. 2015).  

The relative importance of individual biotic and abiotic factors in setting species' range 

limits is widely discussed in the literature, as is the contribution of each in determining 

the response of species to change (Grace 1987, Berg et al. 2010). In general, abiotic 

factors are thought to be limiting at high latitudes and elevations (i.e., in 

environmentally stressful areas), and species interactions are thought to be more 

important in defining range edges at lower elevations and latitudes (MacArthur 1972, 

Louthan et al. 2015). For example, temperature is severely limiting at the northern range 

limit of arctic species (Doak & Morris 2010), whereas competitively superior species 

(biotic interactions) are considered more important in determining southern range edges 

(MacArthur 1972). However, in a recent review of 125 published empirical studies of 

178 species addressing the causes of warm-edge range limits, Cahill et al. (2014) 

showed that data support the association of abiotic factors with range limits more often 

than biotic ones, with temperature as one of the primary factors. While temperature may 
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play a greater role at warm-edge range limits than previously thought, other factors, such 

as biotic interactions, may modulate species' responses to temperature (Pellissier et al. 

2013). As environmental conditions change, species may be more likely to experience 

the indirect effects of change. For example, climate warming was associated with habitat 

changes and reduced occurrence of host plants for butterflies in Britain, and thus 

indirectly led to the local extirpation of some butterfly populations (Franco et al. 2006).  

1.2.2.1 Fitness and dispersal 

Reproduction, dispersal ability, and resulting population dynamics (fluctuation of 

abundance caused by births, deaths, immigration and emigration) also determine range 

edges. Lack of genetic diversity required for a species' life history traits to evolve, or 

negative correlations between required traits, such as mating system, reproductive rate 

(births) and dispersal (emigration, immigration), may constrain range expansion. Species 

are expected to be less fit in locations where conditions fall outside their optimal 

tolerance, with performance generally declining towards and beyond the range limit 

(Hargreaves et al. 2014). Birth rates, such as seed production, are expected to decline 

towards the range limit, and a shift is expected from sexual reproduction to clonal 

reproduction, limiting the dispersal capacity, or emigration rates, of populations (both 

seeds and pollen) (Beatty et al. 2008, Geber 2008, Millar et al. 2010). Pollinator 

limitations are also linked to range edges and can reduce reproductive fitness (Herlihy & 

Eckert 2005). Reduced fitness can limit adaptive capacity by limiting the number of 

viable offspring, and could thus limit population expansion (Sexton et al. 2009).  
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Dispersal capacity is an important determinant of species' range edge dynamics (Gaston 

2009, Sexton et al. 2016). In a study using elevational and latitudinal gradients and 

distributions of 155 ruderal species, Halbritter et al. (2013) found that while temperature 

variability was similar across elevational and latitudinal gradients, species' distributions 

along these gradients were not; they suggested that average dispersal distance likely 

determined the extent of a species' distribution, and not temperature. Dispersal can be 

limited by inherent life history traits such as mating system (e.g., apomixis), dispersal 

mechanisms of pollen and seeds, physical barriers, and ecological differences driven by 

local adaptation of the population of a propagule's origin vs the receiving population. 

Factors that significantly restrict dispersal are expected to reduce gene flow and hence 

increase isolation among populations (Westberg & Kadereit 2009, Orsini et al. 2013, 

Abeli et al. 2014, Sexton et al. 2014).  

1.2.2.2 Genetics and range edges 

Genetic variability and gene flow at range edges can contribute to population 

persistence, and genetic variability can facilitate range expansion and migration. For 

example, high genetic diversity would suggest a greater pool of available genotypes that 

could populate new habitats at leading range edges, or a high likelihood of genotypes 

able to adapt to changes at the rear range edge (Kirk & Freeland 2011). Gene flow along 

an environmental gradient over which selection varies, and from large populations to 

small populations, may limit adaptation to local conditions. In those cases, selection can 

lead to the presence of alleles that may move between populations, but may not be 
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optimal in all habitats, thus potentially reducing population persistence (Gaston 2009, 

Sexton et al. 2009). 

While adaptation to local conditions can ensure persistence of a population, it can also 

reduce gene flow among populations and result in further isolation if immigrants are less 

successful in getting established in the population (Orsini et al. 2013). Physical isolation, 

and reproductive isolation as a result of divergent selection, can eventually allow for 

new species to evolve (ecological speciation; Schluter & Conte 2009). High genetic 

diversity at loci under selection may indicate local adaptation, but may also limit the 

capacity for range expansion into novel habitats beyond the range edge. Local adaptation 

can occur at range edges (Lesica & Allendorf 1995, Diekmann & Serrao 2012) 

contributing to unique genetic variation (Pfeifer et al. 2010, Provan & Maggs 2012). In 

contrast, genetic drift and lack of gene flow can results in limited genetic diversity (both 

neutral and under selection) (Gaston 2009). 

1.2.2.3 Historical factors 

Post-glacial re-colonization can leave important signatures of historical demography and 

expansion across species' ranges (Ciotir et al. 2013, Abeli et al. 2014). For example, 

long-lived species may persist in habitats outside their contemporary main range, and 

isolated populations may provide evidence of historic range extent. Aside from effects 

on a species' current distribution, historical colonization patterns may also be revealed in 

population genetic structure. This might be especially true in areas where glacial relicts 

have persisted over time in locations isolated from the center of the species' current 
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range (Alsos et al. 2009), or where refugial populations (those that persisted in isolated 

locations through times of unfavorable conditions) have strongly shaped post glacial 

distribution and population genetic structure of the species (Shafer et al. 2010). Such 

refugial and relict populations are often considered of conservation importance, as they 

may be genetically distinct (Lesica & Allendorf 1995, Leppig & White 2006, Reisch 

2008).  
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1.3 Geographic distributions and climate change    

Temperatures have risen globally by an average of 0.13 °C (± 0.03 °C) per decade since 

1950 (IPCC 2007), and models of climate change for Canada predict average annual 

temperatures to increase by 1.1 °C (Representative Concentration Pathway, or RCP2.6) 

to 5.6 °C (RCP8.5) (Government of Canada 2016) by 2100. Temperature increases will 

be associated with changes in precipitation and increases in climatic variability. In 

southeastern New Brunswick, temperatures are predicted to increase by 2.82 (RCP4.5) 

to 5.22 °C (RCP8.5) by 2080 (Roy & Huard 2016), leading to a longer growing season 

and increased moisture stress. Precipitation is expected to increase in winter and spring, 

and increased heat events are expected in the summer. Given that forecasted changes in 

climate will be faster than those the world has experienced in the past 10,000 years 

(Barrow et al. 2004, Jump & Peñuelas 2005), there is concern that many species may be 

extirpated from parts of their current range or become extinct (Box et al. 1999, Aitken et 

al. 2008).  

Under current models of predicted climate change, species' range limits are expected to 

shift upward (altitude) and poleward (latitude) (Aitken et al. 2008, Field et al. 2014, 

Settele et al. 2014). Range expansions and contractions have already been documented 

for numerous species. Phenological shifts have been documented in 62% of monitored 

birds, butterflies and alpine herbs (n = 677), and distribution and abundance shifts in 

49% (n = 893) (Parmesan & Yohe 2003); 84% of northwards range shifts of 434 species 

were consistent with climate change predictions. In Britain, Mason et al. (2015) 
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documented the range shifts of 1573 species from 21 animal groups and showed a mean 

rate of northwards movement of the range margin of 23.2 km for the interval from 1966-

1995, and 18 km for the interval from 1986-2010. Climate change is also expected to 

affect the distribution of genetic variants through extirpation events, and as a result, the 

evolutionary potential (adaptation and speciation) available in a species, making certain 

species more vulnerable (Pauls et al. 2013). 

Species respond to environmental stress by either avoidance or tolerance (Grime 1979). 

In the context of climate change, species may respond to change by acclimating to 

changing conditions, by changing behavior or phenotype, by shifting their ranges, and / 

or by adaptation in the longer term (evolutionary adaptation) (Angert et al. 2011). These 

responses correspond with Bellard et al. (2012), who characterize species' possible 

responses to climate change along three axes: time, space and self. Species can respond 

through changes in phenology, such as changes in the timing of flowering or fruiting. 

They may shift geographically, such as already observed poleward (latitudinal) and 

upward (elevational) range shifts. Lastly, there might be phenotypic and / or genetic 

changes in their physiological tolerance, allowing for adaption to novel environmental 

conditions. Species may avoid stress temporally by becoming dormant (e.g., hibernating 

animals or seed banks), or by migrating to avoid environmental conditions occurring 

outside the range of their active physiology. Others may avoid stress by water storage in 

their tissues, or by using hairs to reduce transpiration. Species that are stress tolerant use 

physiological, developmental or molecular adaptations. Such adaptations may include 
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enzymes that are active within a wide temperature range, anti-nucleation in cells to 

avoid freezing, or transcriptional regulation of stress pathways. In some species, 

tolerance is a complex response that involves a variety of pathways and phenotypic 

alterations. For example, some species are capable of acclimation, a gradual 

morphological (e.g., deeper root growth in dry conditions) and physiological adjustment 

by individual plants in response to an environmental stressor (Lambers et al. 2008).   

A species' or population's likelihood to persist under climate change is the result of its 

adaptive capacity. Adaptive capacity is defined as the ability “of a species or constituent 

populations to cope with climate change by persisting in situ, by shifting to more 

suitable local microhabitats, or by migrating to more suitable regions” (Dawson et al. 

2011). Adaptive capacity includes the ability to respond to change both genetically 

(evolutionary potential) and phenotypically (Williams et al. 2008, Eizaguirre & 

Baltazar–Soares 2014). Greater genetic diversity within the species allows for greater 

genotypic variation and increases the likelihood of the presence of tolerant genotypes 

that will persist in the face of environmental change. Acclimation may be insufficient to 

enable persistence when conditions change beyond the range of tolerance, e.g., when 

temperatures become lethal, or if inhospitable conditions extend beyond the time that 

dormant seeds remain viable. With changes that are sufficiently large and / or sudden, 

neither acclimation nor adaptation may be possible.  
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1.4 Populations at range edges 

Studies evaluating the impacts of climate change on species' populations and range 

edges have tended to focus on leading (typically northern latitudinal or upper altitudinal) 

range edges, where changes have been relatively easy to observe and where, in some 

cases, extant genotypes can colonize new habitat quickly should conditions change 

(Gibson et al. 2009). Studying range expansions or contractions at these limits can help 

predict community compositional changes due to climate change (Crawford 2008, 

Gibson et al. 2009). Factors influencing range expansion at the leading edge can be 

complex. For example, Brown & Vellend (2014) found that the altitudinal range 

expansion of Sugar Maple (Acer saccharum) was not limited by temperature as 

expected, but by seed predation and possibly soil-borne pathogens.  

Little is known about range contractions or extirpations at rear range edges, although 

declines have been observed in rear-edge populations of 28 arctic-alpine species in 

Montana, USA, over two decades (Lesica & Crone 2016). It is unclear why only limited 

contractions and extirpations have been observed, given predictions by theory. There are 

several possible reasons why the primary literature may provide few examples of 

distribution changes at rear edges: (1) there may be limited sampling at rear edges 

resulting in a lower probability of observing changes in those range-edge populations 

(Mátyás et al. 2009), (2) there is an extinction lag (e.g., Dawson et al. 2011), because 

they may occupy habitats that are not suitable for other species, or (3) environmental 

conditions may not yet have reached critical thresholds for these species or populations 
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(but see Peñuelas et al. (2013) and Franco et al. (2006)). This knowledge gap is of 

concern because rear-edge populations are not only expected to be at risk from 

extirpation and rapid climate change, but may also contribute significantly to the 

adaptive capacity of species at the rear edge of their range. 

Range-edge populations are predicted to display ecological and genetic divergence 

relative to central populations due to reduced gene flow as a result of isolation (Hardie & 

Hutchings 2010, Orsini et al. 2013, Shafer & Wolf 2013), limits to dispersal causing 

isolation by distance (Orsini et al. 2013, Shafer & Wolf 2013), or local adaptation 

(Orsini et al. 2013). Therefore, they may show lower within-population genetic 

diversity, but also tend to be genetically distinct. Historical range expansions and 

contractions can affect genetic variation at the range edge (Yakimowski & Eckert 2008). 

Persistence of some of these rear-edge, often disjunct, isolated populations, possibly 

over centuries in some cases (Nantel & Gagnon 1999), indicates that they have been able 

to tolerate, and may be adapted to, local conditions (Millar et al. 2010).  

In spite of their potential repositories of genetic resources (Nantel & Gagnon 1999), the 

question of whether to conserve range-edge populations is challenging, especially for 

wide-ranging, common species, and those with ranges spreading across multiple 

jurisdictions that may have different conservation priorities. With limited conservation 

resources, identifying those species and populations that are of conservation significance 

is essential. These challenges are apparent in all Canadian provinces, and British 

Columbia and Nova Scotia provide two case studies. British Columbia has more than 
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1300 range-edge species from a variety of taxonomic groups; 900 of these were listed as 

being of conservation priority in 2004 (Bunnell et al. 2004). In Nova Scotia, four 

members of the Atlantic Coastal Plain Flora, a disjunct assemblage of species more 

common further south, are legally protected, yet the species are classified as globally 

secure (DNR 2015, NatureServe 2016). In Canada, it has been reported that 90% of 

species listed as endangered or threatened are found at the leading edge of their ranges 

(Yakimowski & Eckert 2007). Political boundaries have resulted in the listing of 

globally widespread and secure species as threatened and endangered in particular 

jurisdictions. Bunnell et al. (2004) argue that conservation should be focused on relict 

populations, and populations that may be genetically distinct and may contribute 

significantly to the future adaptive potential of a species. However, the effective 

management of peripheral populations in the long term is challenging, especially since 

data are lacking for most species (Lesica & Allendorf 1995, Nantel & Gagnon 1999, 

Eckstein et al. 2006, Leppig & White 2006, Yakimowski & Eckert 2007, Eckert et al. 

2008). Assessing range-edge populations in the context of climate change is important, 

given that these populations may be significant in aiding species to expand their ranges 

poleward, or because they preserve considerable evolutionary potential (Bunnell et al. 

2004, Channell 2004). 

In the context of exploring the potential conservation significance of rear-edge 

populations, the objectives of this research were to evaluate whether rear-edge 

populations of three wide-ranging arctic-alpine species in Eastern Canada are genetically 
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distinct and thus possibly of conservation significance, and if they are likely to be at risk 

from warming. I address these questions by (1) evaluating the genetic variability within 

and among populations of Dryas integrifolia, Anemone parviflora, and Vaccinium 

uliginosum from central to rear-edge to disjunct populations, (2) assessing the 

association of genetic structure at each species' rear range edge with indicators of 

isolation and disturbance, and (3) experimentally evaluating if warming due to climate 

change may place two disjunct, rear-edge populations of D. integrifolia and A. 

parviflora at risk. The thesis includes two data chapters, each providing an introduction 

to the topic, research objectives and predictions, methodology, data analysis, results and 

a discussion. Chapter four discusses the challenges associated with assessing the 

conservation significance of peripheral populations, assesses rear-edge populations of 

the three species using a risk assessment process, and proposes a population-based 

framework to better evaluate those populations. The last chapter provides a synthesis of 

my findings, and suggestions for future research. 
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1.5 Study species and locations 

1.5.1 Arctic-alpine species  

Arctic-alpine species are wide-ranging across the northern hemisphere, with typically 

clear range limits to the south (rear edge) and north (leading edge). Some species extend 

their ranges far into temperate regions, where they may occur in small, disjunct 

populations in unique microhabitats that may experience conditions analogous to those 

in the Arctic, often at higher altitudes. These species may be excellent models for 

studying range limits at both range edges (leading and rear), especially on a latitudinal 

gradient. Arctic-alpine species are adapted to cold environments and as such are 

expected to be sensitive to climate warming (Arft et al. 1999, Doak & Morris 2010). 

This research focuses on three species: Dryas integrifolia (White Mountain Avens), 

Anemone parviflora (Northern White Anemone) and Vaccinium uliginosum (Northern 

Bilberry). These three species were selected according to the following criteria: (i) they 

follow similar distribution patterns, as they are common in the sub-Arctic and Arctic, 

and rare in temperate New Brunswick, and (ii) disjunct populations are accessible within 

the studied region.  

1.5.1.1 White Mountain Avens 

White Mountain Avens (Dryas integrifolia Vahl., Family Rosaceae, Fig. 1.2) is a long-

lived, clonal, mat-forming evergreen dwarf shrub up to 17 cm tall. Plants in the genus 

Dryas are self-compatible, insect-pollinated, and produce wind-dispersed, elongated and 
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plumose achenes (2n (diploid) = 2x = 18 chromosomes). Restricted to the northern 

hemisphere (North America and Greenland), the species inhabits soil with a low organic 

content on wet meadows, river terraces, tundra slopes and ridges in the northern portion 

of its range, and alpine habitats in the Rocky Mountains and the Appalachians at the 

southern extent of its continuous range (in the Gaspé mountains of Quebec). The species 

is considered a calciphilic pioneer plant and is a poor competitor (Aiken et al. 2007). A 

close relative, Dryas drummondii, has been shown to form a symbiotic relationship with 

the nitrogen-fixing bacteria Frankia (Gardes & Dahlberg 1996), but this relationship has 

not been shown for D. integrifolia (Markham 2009). In Atlantic Canada, the 

southernmost extent of its distribution, D. integrifolia occurs at Wilson Brook, New 

Brunswick. Here, the single population is disjunct from the nearest population by at least 

400 km. The species is listed as globally and nationally secure, as S1 (5 or fewer 

occurrences or very few remaining individuals) in New Brunswick, and S4 (apparently 

secure) in Quebec and Newfoundland and Labrador (NatureServe 2016).  

1.5.1.2 Northern White Anemone 

Northern White Anemone (Anemone parviflora Michx., Family Ranunculaceae, Fig. 

1.3) (2n = 2x = 16) is a perennial, clonal herb growing to 35 cm tall with rosettes that die 

back annually (John & Turkington 1997, Aiken et al. 2007). Achenes are dry, wind-

dispersed, and densely woolly (CYSIP 2016). Across its range, the species seems to 

prefer calcareous soils and grows along streams, in meadows and on rocky slopes 

(FNAA 2008). While considerable work has been done on the taxonomic status of 
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members of the Anemone genus, no genetic studies have assessed A. parviflora 

phylogeography, or genetic variation across its range. The species is listed as globally 

and nationally secure in Canada, as S1 in New Brunswick, S4 in Quebec, S5 (secure) in 

Newfoundland and S3S4 (80 or fewer occurrences, vulnerable) in Labrador 

(NatureServe 2016). In the study region, A. parviflora occurs along the Limestone 

Barrens and in the Tablelands in Newfoundland, the Gaspé Peninsula of Quebec, and 

from a number of locations in New Brunswick (Restigouche region, Wilson Brook), and 

in Nova Scotia (Cape Breton Highlands National Park (ACCDC 2017)).  

1.5.1.3 Northern Bilberry 

Northern Bilberry (Vaccinium uliginosum L., Family Ericaceae, Fig. 1.4) has variable 

ploidy levels across its range (2n = 4x = 48 for the sampled region as identified by 

Eidesen et al. (2007)). It is a circumboreal dwarf shrub growing to 20 cm tall. Individual 

shoot ages of 93 years (Alsos et al. 2002) and patch ages of over 1,800 years have been 

observed with the age of the oldest genet sampled at 1,880 years old (De Witte et al. 

2012). Longevity in plants means that the effects of genetic drift are felt more slowly 

than in annual species, and genetic divergence is slowed (Loveless & Hamrick 1984). In 

the Arctic, vegetative reproduction of stems is more important than reproduction by seed 

(Jacquemart 1996). The species displays self- and cross-pollination by insects, and is an 

ornithochore (seeds are dispersed by birds). Considerable research has been undertaken 

on the species' population genetics and phylogeography throughout its range (Alsos et 

al. 2002, Alsos et al. 2005, Eidesen et al. 2007, De Witte et al. 2012, Eidesen et al. 
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2013), as well as of morphological and life history traits (Jacquemart & Thompson 1996, 

Alsos et al. 2003, De Witte et al. 2012, Mayer et al. 2012). The species grows primarily 

in heathlands and tundra on acidic, but also on calcareous soils. The species is listed as 

globally and nationally secure, as S1 in New Brunswick, S5 in Quebec and 

Newfoundland and Labrador (NatureServe 2016). In the study region, V. uliginosum 

occurs frequently in exposed areas in Newfoundland (along the Limestone Barrens, the 

Tablelands, and the Long Range Mountains), in the uplands of the Gaspé Peninsula, 

Quebec, as individual clones on Mt. Carleton and Mt. Denis in New Brunswick, and in 

the Cape Breton Highlands, Nova Scotia. It is known to occur further south in the 

Appalachian mountain range. Some historical locations are also known in New 

Brunswick, PEI and Nova Scotia (ACCDC 2017), but have not been relocated recently. 

1.5.2 Study locations  

A number of sampling sites were used in this research, and all of these sites are 

described below. In summary, analyses in Chapter 2 used all sampled populations for all 

three species (Chapter 2, Fig. 2.1), while one site (Wilson Brook in New Brunswick) 

was the focus of Chapter 3 (Chapter 3, Fig. 3.1). 

1.5.2.1 Central populations 

Two sites (Torngat and Nain, Labrador) were sampled in arctic habitat within a region 

supporting an abundance of populations of each sampled species. This region represents 

the only core range sites for which sample collection was possible. Dryas integrifolia 
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was collected at Torngat, and V. uliginosum at Torngat and Nain. 

1.5.2.2 Range-edge populations 

Five sites occurred within a continuous 200-km stretch of coastline within the 

specialized Limestone Barrens habitat in Newfoundland (Burnt Cape, Cooks Harbour, 

Sandy Cove, Port-au-Choix and Bellburns). The Limestone Barrens are a coastal, open 

landscape that supports 114 of Newfoundland's 271 rare plant species (Robinson & 

Hermanutz 2015). 

1.5.2.3 Disjunct populations 

Disjunct populations were defined as being ≥ 100 km distant from the nearest 

population, and / or based on inferences of seed and pollen dispersal barriers. Gene flow 

among populations is presumed to be limited due to the heterogeneity of the landscape. 

100 km as the threshold was chosen as a distance that may prevent gene flow among 

populations even in an open landscape. 

One site at Tablelands, Newfoundland was designated as disjunct for D. integrifolia and 

A. parviflora, but as continuous range edge for V. uliginosum. This site was located in 

the unique travertine seeps of an area characterized by minerals normally found only in 

the earth's mantle, and toxic to plants, in an open landscape of an upland valley, 100 km 

beyond the nearest continuous range-edge population that was sampled (Bellburns). 

Other populations to the south are > 50 km distant, and one population of D. integrifolia 

is known from Bonne Bay (Big Hill) (ACCDC 2017), but I inferred the Tablelands 
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population to be isolated because of the landscape. The Tablelands population of D. 

integrifolia occurs on a patch of habitat approximately 150 m long by 50 m wide, 

whereas A. parviflora occurs in a more extensive habitat along a wet area at the bottom 

of the slope, approximately 200 m long. Vaccinium uliginosum is more common than the 

other two species throughout and adjacent to this site. 

Mount Logan (sensu lato) on the Gaspé Peninsula within the Parc National de la 

Gaspésie (Quebec) was characterized as a disjunct population for D. integrifolia. It is 

found in an alpine, open habitat of very limited extent that was, until recently, thought to 

be the lone extant population of D. integrifolia within the region. Vaccinium uliginosum 

is broadly distributed above the tree line at Mount Logan, while D. integrifolia occurs 

along a calcareous ridge approximately 20 m wide and 130 m long. A second population 

of D. integrifolia was recently discovered at Mont de la Table (> 1000 genets in 

approximately 5 ha) approximately 50 km away (S. Bailey, pers. comm., 2015). Other 

populations may exist at Mont St.-Anne (> 130 km away), Mont St. Pierre (Rune 1954), 

near Percé (> 150 km away), in Anticosti Island and in Mingan (> 200 km away) 

(GBIF.org 2016). Anemone parviflora was not sampled here due to inaccessibility. 

In New Brunswick, two sites were sampled. One is a population of A. parviflora along 

the Restigouche River in northern New Brunswick, where the species grows along a one 

km long calcareous ledge of the river along a stretch of approximately 25 km where the 

species occurs (ACCDC 2017). The second is in the Wilson Brook Protected Natural 

Area (Wilson Brook) in Albert County, which harbors four arctic-alpine species on a 
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gypsum cliff site (Clayden 1994). Two of those species (including D. integrifolia) occur 

nowhere else in the province and have few or no populations further south.  

Wilson Brook was classified as an ecological reserve in 1997 (M. Bourgeois, pers. 

comm.), and established in 2003 as a provincial Protected Natural Area (DNR-NB 

2015). The gypsum cliffs along Wilson Brook were mentioned in geological reports in 

the 19th century (Hind 1865). Dryas integrifolia was discovered at the site by Gorham 

(1944), and Roberts (1965) reported three arctic alpine species for the site (Anemone 

parviflora, Salix myrtillifolia, and Solidago multiradiata). The arctic species at the site 

include White Mountain Avens (Dryas integrifolia), Mountain Goldenrod (Solidago 

multiradiata), Myrtle-leaved Willow (Salix myrtillifolia) and Northern Anemone 

(Anemone parviflora) (Clayden 1994). These arctic-alpine relicts are classified as S1 or 

S2 (6 to 20 occurrences or few remaining individuals) (NatureServe 2016) in New 

Brunswick, recognizing their rarity on a provincial scale. The habitat is a crumbling cliff 

of white gypsum, < 1 km long, extending < 50 m upwards, with a north-facing slope of 

45-75°, with some level areas (Chapter 3, Fig. 3.2). The plateau at the top of the cliff is 

approximately 90 m above sea level. The cliff face is rapidly eroding due to seepage 

water in the summer and a brook (Wilson Brook) at its base. A cool, moist microclimate 

prevails at the site (Brown 1983). A narrow band at the lower portion of the slope is 

dominated by D. integrifolia, with other shrubby species (such as Sheperdia canadensis) 

from the bottom edge to the forested margin. Trees surround the site on all sides; the 

location is shaded for much of the day. Anemone parviflora and D. integrifolia occur in 
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an area approximately 170 m in length, and < 20 m wide. Both species are isolated from 

the nearest populations by ≥ 300 km. Estimated population size for D. integrifolia is > 

50,000 ramets (individuals are difficult to distinguish due to the species' clonal growth 

form), for A. parviflora approximately 1,000 plants.  
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1.6 Structure of thesis  

1.6.1 Chapter 2, “Genetic diversity and differentiation of rear-edge populations of 

three arctic-alpine species in Eastern Canada”.   

To address whether genetic diversity decreases and differentiation increases at rear range 

edges, neutral genetic diversity and pairwise genetic differentiation from the center to 

the rear range edge were assessed for each species. To allow for a generalization of 

patterns of genetic variability in disjunct, rear-edge populations, the association of 

indicators of isolation with within-population and among-population genetic diversity 

for range-edge and disjunct populations was assessed. The aim of this research is to 

evaluate the conservation significance of disjunct, rear-edge populations of widespread 

arctic-alpine species in Eastern Canada. 

Most studies of range peripheries have focused on leading range edges and have not 

incorporated historical information on species occurrences during and after the Last 

Glacial Maximum. In this chapter, I document genetic diversity and differentiation from 

near-center to disjunct rear-edge populations of three widespread arctic-alpine species, 

Anemone parviflora, Dryas integrifolia and Vaccinium uliginosum in Atlantic Canada. I 

assess if isolation and disturbance levels of populations are associated with genetic 

diversity and differentiation, and place my findings into the context of historical 

processes, life history traits, and landscape configuration to explore how these factors 

may have influenced the observed genetic patterns of the three species at the range edge. 

I used Amplified Fragment Length Polymorphisms (AFLP), a frequency-based, 
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dominant, molecular marker, (1) to evaluate and compare genetic diversity and 

differentiation across the southern range edge of the three species in Atlantic Canada, 

and (2) to explore the potential association among proximate ecological factors, such as 

geographic distance, disjunction and disturbance, that may impinge on genetic variation 

and the pattern of genetic structure among populations within and across species. 

Based on the hypothesis that within population genetic diversity decreases and 

differentiation among populations increases from the range center to the periphery, I 

predicted that disjunct populations show lower genetic diversity than range-edge and 

core populations. Further, I predicted that disjunct populations of all three species show 

higher levels of mean pairwise genetic differentiation than range-edge and core 

populations. Based on the hypothesis that isolation increases genetic differentiation, I 

also predicted that measures of genetic variation are associated with factors affecting 

isolation among populations, including distance, disjunction, and disturbance, and that 

these associations would be shared across the three species. 

1.6.2 Chapter 3, “Microclimate and demography in rear-edge populations of two 

arctic-alpine species (Dryas integrifolia and Anemone parviflora) at Wilson Brook 

Protected Natural Area, New Brunswick”.   

Range-edge populations are presumed to be more vulnerable to change due to their 

smaller size, isolation from other populations, and because they are often located in 

specialized habitats (Crawford 2008), often at the limits of their ecological tolerance 

(Hampe & Jump 2011). This chapter focuses on temperature because: (1) it may be a 
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primary cause for range limits (Cahill et al. 2014); (2) it is predicted to continue 

increasing with climate change (Cox & Moore 2005); and (3) it is an essential factor for 

biological functions such as enzyme activity and membrane integrity, which can be 

impaired under excessive temperatures (Mackenzie et al. 2001). Climate change could 

place isolated, disjunct rear-edge populations at risk of extirpation (Hampe & Petit 

2005), because rear-edge populations of arctic-alpine species may already be at their 

limit of tolerance for high temperatures. Assessing species' responses to increasing 

temperatures has been a long-standing approach by ecologists especially in the arctic, 

where warming experiments have been conducted for over 20 years (Marion et al. 1997, 

Arft et al. 1999, Shaver et al. 2000).  

In this chapter I document temperature regimes during three growing seasons and 

population demography of isolated populations of Dryas integrifolia and Anemone 

parviflora at Wilson Brook. The aims are (1) to test short-term responses of these 

species to temperature manipulation using Open Top Chambers (OTCs); and (2) to 

compare microclimatic conditions of this isolated site with regional temperatures and 

with an apparently similar site in Newfoundland, but where populations of the two 

species are more widespread and continuous. Assessing the microclimate for these 

populations as well as their response to experimental warming can identify potential 

tolerance limits to specific temperature variables and the level of phenotypic plasticity of 

the populations. Open Top Chambers (OTCs) are important and effective tools in 

assessing the impact of increased temperature (and other variables such as CO2 and 
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irradiation) on plant responses above and below ground (Aronson & McNulty 2009, 

Bokhorst et al. 2011, Elmendorf et al. 2012). OTCs have been used extensively to alter 

microclimatic conditions in a controlled manner for both short-term and long-term 

warming experiments (Semenova et al. 2015), to evaluate the impacts of climate 

warming on arctic flora (Marion et al. 1997, Hollister & Webber 2000, Gugerli & Bauert 

2001, Xu et al. 2009). 

Based on the hypothesis that the local microclimate supports arctic-alpine species at 

Wilson Brook and that warming will negatively affect population growth of two species, 

I monitored temperature within and outside of OTCs over three years to address the 

following research objectives: (1) assess whether the microclimate at Wilson Brook is 

locally and regionally distinct as might be expected if it represents a climatic refugium; 

and (2) experimentally evaluate the association between variation in demography and 

variation in microclimate over three years in two arctic-alpine species populations 

occurring at Wilson Brook. 

I predicted that Wilson Brook’s microclimate would not differ from that found at a more 

northern site in Newfoundland, that it would be cooler than expected compared to the 

regional climate in southern New Brunswick, and that abundance of the two species in 

the warmed plots (OTCs) would be negatively impacted by increased temperatures. 

1.6.3 Chapter 4, “Assessing the conservation significance of peripheral populations 

– a case study of three arctic-alpine species in Eastern Canada”.   
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Conservation management decisions are largely based on prioritizing those species that 

are most at risk (Pullin et al. 2013). This method does not work well for evaluating the 

conservation significance of rear range-edge populations of widespread species. 

Populations of widespread species may only be considered if the species is already rare 

in a jurisdiction. However, rear-edge populations may have significant ecological and 

evolutionary potential, and also be at greater risk of extirpation than those in the core. In 

addition, when species are assessed based on political boundaries, a determination of 

conservation significance may be based on local or regional rarity, and not necessarily 

on the contribution of the population to a species' overall biodiversity. In this chapter, I 

discuss the challenges associated with determining the conservation significance of rear 

range-edge populations of widespread, common species, and use three arctic-alpine 

species (Anemone parviflora, Dryas integrifolia, Vaccinium uliginosum) as a case study 

to show (1) how a general risk assessment process is not useful for peripheral 

populations of common, widespread species; and (2) how to apply a population-based 

approach to assess the conservation significance of rear-edge, disjunct populations of the 

three species.   

1.6.4 Chapter 5, “Living at the edge - summary” 

Chapter 5 provides a summary of my findings, implications of my research, and 

suggestions for future work. 
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Figures 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1 Generalized patterns across the range, from the leading edge to the rear edge 
(after Hampe & Petit (2005) and Woolbright et al. (2014)). 
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Figure 1.2 North American distribution of Dryas integrifolia (left) and a reproductive 
plant in a natural population (arrow points to plumose achene, right). Map created using 
SimplMapr (Shorthouse 2010) with occurrence records from GBIF (GBIF.org 2016). 
Photo: S. Dietz 
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Figure 1.3 North American distribution of Anemone parviflora (left) and plant in flower 
(right). Map created using SimplMapr (Shorthouse 2010) with occurrence records from 
GBIF (GBIF.org 2016). Photo: S. Dietz 
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Figure 1.4 Canadian distribution of Vaccinium uliginosum (left) and plant with fruit 
(right). Map created using SimplMapr (Shorthouse 2010) with occurrence records from 
GBIF (GBIF.org 2016). Photo: S. Dietz 
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Chapter 2 - Genetic diversity and differentiation of rear-edge 

populations of three arctic-alpine species in Eastern Canada. 

Abstract 

Arctic-alpine species at the rear edge of their range may face particularly high risks of 

extirpation with climate change. This is problematic as these populations may contain 

unique genetic diversity not present in more central populations and may be particularly 

important for the adaptive capacity of these species in a warming world. Assessing the 

level of genetic variation within and among populations of wide-ranging species will 

facilitate in the evaluation of the conservation significance of rear-edge populations. I 

used Amplified Fragment Length Polymorphisms (AFLPs) on three widespread arctic-

alpine species with rear-edge, disjunct populations in Atlantic Canada (Anemone 

parviflora, Dryas integrifolia, and Vaccinium uliginosum) to assess genetic variation 

within and among populations at different range-edge locations. All species displayed 

considerable variation in genetic diversity and differentiation from the near-edge to 

disjunct populations. Different patterns of diversity and differentiation across the rear 

edge for three mostly sympatric arctic-alpine species suggest that different abiotic and 

biotic factors impact gene flow in each species. Based on the findings of this research, 

disjunct populations of the three species may not warrant special conservation attention, 

but further investigations may be justified. Future research could include an assessment 

of genetic diversity based on loci under selection, and the use of different genetic marker 
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systems or transplant experiments to assess whether locally adapted genotypes are found 

in the disjunct populations. 
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2.1 Introduction 

Climate change impacts are expected to be most evident at the edges of species' ranges 

where abiotic and / or biotic conditions will change sufficiently to advance or shrink the 

range edge (Doak & Morris 2010, Hardie & Hutchings 2010, Reed et al. 2011, Alsos et 

al. 2012, Pauls et al. 2013). While rapid climate change may outpace the ability of some 

species to adapt or migrate (Jump & Peñuelas 2005, Crawford 2008), others are 

expected to shift their distributions. In the short term, responses of populations at range 

edges will reflect their tolerance to changing conditions (phenotypic plasticity) as well 

as their ability to disperse to new habitats. In the longer term, species' responses will 

also depend on their standing genetic variation because it confers adaptive potential (i.e., 

their ability to respond to climate change via natural selection (Bellard et al. 2012, 

Eizaguirre & Baltazar–Soares 2014)).  

A commonly held assumption is that genetic diversity declines from the core to the edge 

of a species' distribution (Garcia et al. 2000, Jump & Woodward 2003, Eckstein et al. 

2006, Eckert et al. 2008, Tsaliki & Diekmann 2009). Peripheral or range-edge 

populations often display decreased genetic diversity and increased genetic 

differentiation compared to more centrally located populations, with the lowest diversity 

and highest differentiation often occurring in the most isolated populations (Bruederle 

1999, Hamilton & Eckert 2007, Beatty et al. 2008, Eckert et al. 2008, Wagner et al. 

2012, Villellas et al. 2014, Hirsch et al. 2015). This has been attributed to the typically 

small range-edge population sizes, relative to those located at the core of the range 
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(Gaston 2003). Smaller population size is often associated with small effective 

population size and reduced genetic diversity due to genetic drift and inbreeding (Hartl 

& Clark 1997, Reed & Frankham 2003, Musche et al. 2008). However, this pattern of 

reduced genetic diversity in peripheral populations is not universally true (Eckstein et al. 

2006, Bauert et al. 2007, Eckert et al. 2008), and has recently been shown to apply in 

fewer than 50% of studied species (Pironon et al. 2016).  

If range-edge populations are demographically isolated and genetically differentiated 

from their neighbors, then we may infer that they may carry unique alleles that are 

beneficial in edge habitats, potentially contributing to a species' capacity to respond to 

climate change (Channell 2004, Hewitt 2004, Csergö et al. 2009, Hampe & Jump 2011). 

Environmental factors such as topography, substrate type, and surrounding habitat 

matrix may act to exacerbate the geographic isolation of range-edge populations (Wang 

& Bradburd 2014) by creating barriers to dispersal and hence reducing gene flow among 

populations. Isolation by distance (IBD), presumed to be associated with increased 

divergence among populations (Wright 1943), is a long-standing measure that has been 

used to explain significant genetic differentiation among populations. An increase in 

genetic differentiation based on isolation by distance provides a broad framework that 

can often explain patterns of population genetic structure, because dispersal ability of a 

species is inherently constrained by distance (Orsini et al. 2013). Thus populations 

closer to each other are expected to be genetically more similar (Wright 1943). Habitat 

fragmentation may also act to exacerbate isolation among populations, can promote 
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local adaptation, and can have large and negative effects on genetic diversity (Aguilar et 

al. 2008, Vranckx et al. 2012), causing reduced genetic diversity and increased 

differentiation as a result of geographic and genetic isolation (Young et al. 1996). 

Reduced genetic diversity and increased differentiation is due to increased levels of 

inbreeding and genetic drift, both also associated with smaller numbers of individuals in 

fragmented populations (Couvet 2002).  

Although population genetic theory provides expectations for patterns of genetic 

variation associated with population demography and abundance, variation may also be 

influenced by species-specific factors such as life history traits, which may exacerbate or 

buffer demographic effects on genetic variability. For example, small populations 

consisting of long-lived individuals (perennials or clones) may better retain genetic 

diversity than small populations of annuals (Honnay & Jacquemyn 2008, Abeli et al. 

2014, Reisch & Bernhardt-Römermann 2014). Clonality, or vegetative propagation, may 

increase in frequency and / or importance at the edges of a species' range (Eckert 2002, 

Silvertown 2008). Although clonal reproduction increases opportunities for inbreeding, 

which may reduce genetic diversity (Honnay & Bossuyt 2005), it has also been found to 

increase allelic diversity and reproductive success in some species (Balloux et al. 2003, 

Meloni et al. 2013). Both longevity and clonality can buffer populations from the loss of 

genetic diversity caused by interrupted gene flow, and slow the effects of genetic drift 

and inbreeding. By contrast, reduced outcrossing can affect genetic diversity and 

differentiation by increasing genetic drift and inbreeding (Ellstrand & Elam 1993). 
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Outcrossing species often show higher levels of genetic diversity (Reisch & Bernhardt-

Römermann 2014) compared to selfing species (Loveless & Hamrick 1984, Hamrick & 

Godt 1996, Nybom & Bartish 2000, Nybom 2004). High levels of outcrossing possibly 

act as buffer against loss of genetic diversity (Jiang et al. 2015) by promoting gene flow 

among populations. While selfing is expected to increase inbreeding (Ellstrand & Elam 

1993), it may also lead to purging of deleterious alleles via selection, and thus reduce 

inbreeding depression (Levin 2012). High dispersal capacity may increase gene flow 

among populations even over considerable distances (Cruden 1966, Carlquist 1983, 

Webb 1986, Albert et al. 2005, Brochet et al. 2009, Viana et al. 2013), while lack of 

dispersal can increase genetic differentiation (Westberg & Kadereit 2009, Abeli et al. 

2014). Moreover, the impact of dispersal on gene flow is mediated by multiple factors. 

In general, species that use wind for pollination and / or seed dispersal tend to show low 

levels of genetic differentiation among populations but maintain high levels of within-

population genetic diversity (Govindaraju 1988, Thiel-Egenter et al. 2009). At the other 

end of the spectrum, insect- or animal-pollinated species with gravity-dispersed seeds 

tend to show high levels of genetic differentiation among populations, and genetic 

diversity is more easily lost from small, isolated populations (Meirmans et al. 2011). 

However, seed dispersal and pollen flow are greatly affected by the specific vector in 

question (Hamilton & Miller 2002, Petit et al. 2005, García et al. 2007). For example, 

birds can be very effective in dispersing seeds long-distance (Viana et al. 2013). 

Rear-edge populations, and in particular refugial or relict populations, may be older 
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(Hampe & Petit 2005, Woolbright et al. 2014) and may, at one time, have been isolated 

and acted as a source for range expansion (refugial populations are here referred to as 

those that survived glaciations in isolated pockets beyond the ice, and relict populations 

are those that were isolated during the re-colonization process after deglaciation). Like 

range-edge populations in general, refugial and relict populations may harbor unique 

diversity due to historical isolation (Lesica & Allendorf 1995, Leppig & White 2006, 

Millar et al. 2010, Pfeifer et al. 2010, Dobrowski 2011, Hampe & Jump 2011, Provan & 

Maggs 2012, Hampe et al. 2013, Lepais et al. 2013, Woolbright et al. 2014, Kvist et al. 

2015). They may also have lost genetic diversity over time due to genetic drift, range 

contractions resulting in smaller population sizes, and increased levels of inbreeding 

(Hampe & Petit 2005, Woolbright et al. 2014). Refugial and relict populations may 

represent considerable genetic resources (Nantel & Gagnon 1999, Channell 2004, 

Hewitt 2004, Beatty et al. 2008, Westergaard et al. 2008, Csergö et al. 2009, Pfeifer et 

al. 2010, Provan & Maggs 2012, Lepais et al. 2013). They may contribute to a species' 

adaptive potential, and thus its ability to respond to environmental change, giving these 

populations significant conservation value (Franco et al. 2006, Millar et al. 2010, Pfeifer 

et al. 2010, Hampe & Jump 2011, Provan & Maggs 2012). 

Predictions of decreasing genetic diversity and increasing genetic differentiation towards 

the edge of species' ranges may not apply to disjunct populations as they represent an 

“extreme manifestation of geographic peripherality” (Hamilton & Eckert 2007). A 

decrease in genetic diversity with increased genetic differentiation for some disjunct 
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populations is supported in the literature (Linhart & Premoli 1994, Lammi et al. 1999, 

Hamilton & Eckert 2007, Pandey & Geburek 2010, Meeus et al. 2012, Nagamitsu et al. 

2014). However, others have found (1) no decline from core to edge populations (Van 

Rossum et al. 2003, Van Rossum & Prentice 2004, Ilves et al. 2016); (2) higher genetic 

diversity in disjunct populations (Kvist et al. 2015); (3) unique alleles in disjunct 

compared to core populations (Alsos et al. 2005, Skrede et al. 2006, Garcia et al. 2012, 

Kvist et al. 2015); and (4) no increase in differentiation in disjunct populations (Ikeda et 

al. 2015). It appears that especially refugial populations may not follow theoretical 

predictions because of their phylogeographic history (Hampe & Jump 2011, Garcia et al. 

2012, DeChaine et al. 2013). This, in fact, often applies to species that currently occur in 

high latitudes, which have relict populations in low latitude areas where they were once 

common (Hewitt 2004, Hampe & Jump 2011). 

It is generally accepted that rear-edge populations may be at high risk of disappearing 

quickly under a warming climate (Franco et al. 2006, Hampe & Jump 2011) and may be 

more prone to extinction than core and leading-edge populations (Vucetich & Waite 

2003). However, they are less frequently considered in research than leading-edge 

populations, with the exception of refugia, which have received considerable attention. 

Given that rear-edge populations may harbor unique genetic variation, further study is 

needed to assess the status of disjunct, rear-edge populations, to evaluate their 

conservation significance, and to facilitate management decisions.  
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2.1.1 Goals and objectives 

The overarching goal of this research was to evaluate the conservation significance of 

rear-edge populations of three wide-ranging arctic-alpine species in Eastern Canada, and 

to provide information on genetic patterns at the rear range edge to aid in conservation 

management decisions. To my knowledge, no empirical study has focused on disjunct 

populations of widespread plant species in North America with similar arctic-alpine 

ranges, and used data on population structure to infer isolation mechanisms.  

My objectives were (1) to evaluate and compare within-population genetic diversity and 

among-population genetic differentiation at the southern range edge of Anemone 

parviflora, Dryas integrifolia, and Vaccinium uliginosum in Atlantic Canada; and (2) to 

explore the potential association between proximate ecological factors, such as 

geographic distance and habitat fragmentation, that may impinge on genetic variation 

and the pattern of genetic structure among populations within and across species. 

Of eighty arctic-alpine species occurring in New Brunswick, Canada (Hinds 2000, 

ACCDC 2008), three (A. parviflora, D. integrifolia, and V. uliginosum) were selected 

for this study. These species were suitable for intra- and interspecific comparisons 

associated with range-edge patterns of genetic diversity given that the species share 

similar geographical distributions. In addition, populations of each occur jointly in some 

localities as disjunct rear-edge populations at their southern limits (Wilson Brook, 

Restigouche, Mount Logan, Tablelands), continuous range-edge populations (Bellburns, 

Port-au-Choix, Sandy Cove, Cooks Harbour, Burnt Cape), and core populations (for 
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two of the species). Taken together, these populations provide an opportunity for 

evaluating genetic patterns at the rear range edge of three locally rare, yet globally 

common, widespread species.  

Based on the hypothesis that ecological and geographic isolation is associated with 

genetic variation, I predicted that mean population genetic diversity would be lower and 

mean population genetic differentiation would be greater for populations that are (1) at a 

greater distance from the rear range edge; (2) disjunct from the continuous range edge; 

and (3) disturbed (as disturbance can fragment habitats and thus increase isolation 

among populations). I predicted that these associations would be similar across the three 

species, given their presumably shared recent histories (post Last Glacial Maximum). In 

addition, since postglacial re-colonization is presumed to affect contemporary genetic 

population structure, I predicted that disjunct populations would be clearly distinct from 

other populations based on genetic metrics. 
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2.2 Materials and Methods 

2.2.1 Study region 

The study was carried out in Eastern Canada, from northern Labrador to the west coast 

of Newfoundland, and south to New Brunswick and Mount Logan in the Gaspé 

Peninsula in Quebec (Fig. 2.1). The sampled region contains populations occurring near 

the core of the species' ranges (except A. parviflora), in the range edge, as well as 

disjunct populations defined as being ≥ 100 km, and / or distinctly isolated from the 

range edge (as defined below). 

2.2.2 Study species 

Each of the three species used here is common throughout most of its range with a large 

geographic distribution spanning arctic to temperate regions, but with reported 

population frequencies declining from their range cores to edges and beyond. The 

species also share some life history and ecological traits, including mating system, 

dispersal of pollen or seeds, clonal reproduction, and habitat affinities. Vaccinium 

uliginosum and D. integrifolia are reported to have been much more common after 

deglaciation >10,000 years ago and, based on data from lake sediment cores, appear to 

share a similar phylogeographic history (Ritchie 1987, Mayle & Cwynar 1995, 

Tremblay & Schoen 1999).   

Dryas integrifolia Vahl (White Mountain Avens, Chapter 1, Fig. 1.2) is one of three 

species in the genus Dryas (Family Rosaceae), and occurs in Alaska, Canada and 
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Greenland. The species is a diploid (2n = 2x = 18), clonal, evergreen, mat-forming, 

woody dwarf shrub growing up to 17 cm tall, expanding horizontally with older central 

stems often dying, while the individual itself is maintained by continued clonal growth 

(De Witte et al. 2012). Individuals of Dryas sp. can reach a considerable age; for 

example, a single individual of D. integrifolia was shown to be 68 years old (Au & 

Tardif 2007). However, individuals of D. integrifolia are likely to have a much longer 

lifespan, since individuals of D. octopetala, a closely related and better-studied species, 

have been estimated at up to 570 years based on annual horizontal growth (De Witte et 

al. 2012). Dryas integrifolia is self-compatible, but thought to be primarily an out-

crosser (Murray 1997). It is andromonoecious, forming both bi-sexual and male flowers 

on the same plant (Philipp & Siegismund 2003), and insect pollinated. Fruits are wind-

dispersed, elongated, feathery-styled achenes. It prefers soils with a low organic content 

that support a rather low diversity of other species (Aiken et al. 2007) and occurs in wet 

meadows, river terraces, tundra slopes and ridges, especially exposed, calcium-rich 

habitats. In the study region, populations of D. integrifolia occur in northern Labrador, 

along the Limestone Barrens in Newfoundland, in a unique habitat in an isolated 

hanging valley in the Tablelands, in the mountain range of the Gaspé Peninsula, and in 

New Brunswick. There are no reports of this species from further south. 

Anemone parviflora Michx. (Northern White Anemone, Ranunculaceae, Chapter 1, Fig. 

1.3) is a diploid (2n = 2x = 16) perennial, clonal herb growing to 35 cm tall with rosettes 

that die back annually (John & Turkington 1997, Aiken et al. 2007). Pollination is by 
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insects; fruits are wind-dispersed, densely woolly achenes (CYSIP 2016). Across its 

range, the species grows along streams, in meadows and on rocky slopes (FNAA 2008). 

While considerable work has been done on the taxonomic status of members of the 

genus Anemone, no genetic studies have assessed the species' phylogeography, or 

genetic variation across its range. In the study region, A. parviflora occurs along the 

Limestone Barrens and the Tablelands of Newfoundland; it is known from a few 

populations on the Gaspé Peninsula of Quebec, and from at least two locations in New 

Brunswick (Table 2.1). The species has also been reported from Nova Scotia (two 

populations in Cape Breton Highlands National Park (ACCDC 2017)), but resources and 

time were insufficient to sample these disjunct, rear-edge populations.  

Vaccinium uliginosum L. (Alpine Blueberry, Ericaceae, Chapter 1, Fig. 1.4) is a 

circumboreal, circumpolar dwarf shrub growing up to 20 cm tall. The species is well 

studied across its range (Jacquemart & Thompson 1996, Alsos et al. 2002, Alsos et al. 

2003, Alsos et al. 2005, Eidesen et al. 2007, De Witte et al. 2012, Mayer et al. 2012, 

Eidesen et al. 2013). The species shows self- and cross-pollination and is a facultative 

selfer. Pollination is by insects, and seeds are dispersed by frugivorous birds. The 

species includes diploids, triploids, and tetraploids across its range (2n = 4x = 48 for the 

sampled region as identified by Eidesen et al. (2007)). Individual shoot ages of 93 years 

(Alsos et al. 2002) have been reported, and the age of the oldest individual sampled at is 

over 1880 years (De Witte et al. 2012). In the Arctic, vegetative reproduction of stems is 

more important than reproduction by seed (Jacquemart 1996), but this is not known for 
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other regions. The species grows primarily on acidic, sometimes calcareous soils, in 

heathlands and tundra. In the study region, V. uliginosum occurs frequently in Labrador, 

exposed areas in Newfoundland (along the Limestone Barrens, the Tablelands, and the 

Long Range Mountains), in the uplands of the Gaspé Peninsula, as individual clones on 

Mt. Carleton and Mt. Denis in New Brunswick, and in the Cape Breton Highlands. It is 

also known further to the south in the Appalachian mountain range of the USA. 

2.2.3 Study site classification and field sampling  

Seven to nine populations were selected to represent near-core (termed core in the 

following for simplicity), range-edge, and disjunct populations in the sampled portion of 

each species' range (Table 2.1, Fig. 2.1). Samples of A. parviflora were not found at the 

core population sites, therefore research questions requiring a core population were 

addressed only for D. integrifolia and V. uliginosum. All populations occur within either 

the Eastern Temperate Forest eco-region of the Bay of Fundy or the Arctic Cordillera 

eco-region (CEC 2009), and were classified according to intraspecific range-edge 

proximity into (1) core populations, (2) range-edge populations, (3) disjunct populations 

(Tables 2.1 and 2.2, Fig. 2.1). Core populations are identified as those populations that 

occur in the range where the species is common based on range maps and occurrence 

records (ACCDC 2017). Range-edge populations are those limited to specialized habitat, 

and beyond which populations occur only in isolated locations. Disjunct populations 

were defined as being ≥ 100 km rom the nearest population, and / or based on inferences 

of seed and pollen dispersal barriers. Gene flow among populations is presumed to be 
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limited due to the heterogeneity of the landscape. 100 km as the threshold was chosen as 

a distance that may prevent gene flow among populations even in an open landscape. 

(1) Core: Two sites (Torngat and Nain, Labrador) were within the core range of the 

species based on range maps. The species are common in this region and occur in arctic 

habitat within a difficult-to-access region. These are the only core sites for which sample 

collection was possible for D. integrifolia and V. uliginosum. 

(2) Range edge: I defined five sites as located at the warm range edge, where the species 

are less common, and where calcareous habitat is uncommon compared to the core of 

the species' ranges. These sites occur over a continuous 200-km stretch of coastline 

within the specialized Limestone Barrens habitat in Newfoundland (Burnt Cape, Cooks 

Harbour, Sandy Cove, Port-au-Choix and Bellburns), an open, coastal landscape that 

supports 114 of Newfoundland’s 271 rare plant species (Robinson & Hermanutz 2015);  

(3) Disjunct: I defined four locations as disjunct where presumed isolation factors 

(distance, landscape) would restrict gene flow. These four locations occur beyond the 

edge of continuous habitat distribution and were located ≥ 100 km from the nearest 

putative continuous range-edge population, or in isolated habitat patches:  

(3a) Tablelands, Newfoundland (D. integrifolia, A. parviflora) – in the unique travertine 

seeps of an area characterized by exposed mantle rock containing toxic minerals, in an 

open landscape in an upland valley, 100 km beyond the nearest sampled continuous 

range-edge population (Bellburns). Other populations to the south are > 50 km distant, 
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except one population of D. integrifolia approximately 5 km away at Bonne Bay (Big 

Hill) (ACCDC 2017), but I inferred the Tablelands population to be isolated because of 

the landscape. The site was classified as range edge for V. uliginosum because there are 

other populations within and adjacent to this valley, and the distribution of this species 

appears continuous with other populations along the coast. 

(3b) Mount Logan (sensu lato), Gaspé Peninsula, Québec (D. integrifolia, V. 

uliginosum) – populations in an alpine, open habitat of < 20 x 10 m. This may be part of 

a larger metapopulation, disjunct from the continuous range edge; an additional 

population of D. integrifolia was found in 2015 at Mont de la Table (> 1000 genets in 

approximately 5 ha), approximately 50 km away (S. Bailey, pers. comm., 2015). Other 

populations may exist at Mont St.-Anne (> 130 km away), Mont St. Pierre (Rune 1954), 

near Percé (> 150 km away), on Anticosti Island and on the Mingan Archipelago (> 200 

km away) (GBIF.org 2016).  

(3c) Wilson Brook, southern New Brunswick (D. integrifolia, A. parviflora) – within the 

borders of the Wilson Brook Protected Natural Area on a gypsum cliff habitat 

(approximately 1 km by 20 m) within an inland forest. Gypsum sites and calcareous 

areas in the Maritimes are fairly well documented but this is the only gypsum site at 

which these species are found (ACCDC 2017). No gene flow with these populations is 

expected because the nearest known population for each species (Mount Logan) is more 

than 365 km away, and the forested landscape presumably restricts pollen and seed 
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movement. 

(3d) Restigouche, northwestern New Brunswick (A. parviflora) – along the shores of the 

Restigouche River, on a calcareous limestone ledge in a linear habitat of approximately 

200 m by 2 m. These limestone ledges are uncommon, and few such sites are known in 

New Brunswick. The other two study species are not known from this site. 

Within each population, 6–31 adult genets were selected; one ramet was sampled per 

genet. Samples were selected either (1) along three 25 m transects placed strategically 

across continuously occupied and available habitat when the area was extensive (Burnt 

Cape, Cooks Harbour, Sandy Cove and Port-au-Choix, Fig. 2.2); or (2) by walking the 

entire area without a transect, when the total occupied area was too small to place three 

transects (Bellburns, Tablelands, Mount Logan, Restigouche, Wilson Brook, Torngat 

and Nain). Because D. integrifolia is a small, woody perennial with many ramets to each 

genet, care was taken to sample one ramet per individual by either visual verification 

(clearly isolated clumps) or by gently prying around stems to ensure that sampled ramets 

were not connected to each other. In all cases, sampled genets were > 1 m apart. The 

growth forms of A. parviflora and V. uliginosum meant that individuals were clearly 

distinguishable. At least five leaves from each genet were dried in silica gel powder and 

preserved in separate envelopes until genetic analysis. The latitudinal and longitudinal 

coordinates of every sampled plant were recorded, except at Torngat and Nain where 

only population coordinates were recorded. 
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Low sample sizes are problematic in genetic studies as they can distort the levels of 

genetic variation found (i.e. allele frequencies, unique alleles). My initial sample sizes 

were somewhat low (n= 6–31 adults were sampled) but this was exacerbated by failure 

of some in the DNA extraction process and PCR (polymerase chain reaction) procedure 

in the AFLP (Amplified Fragment Length Polymorphism) process. Between 2–8 for A. 

parviflora, and 4–11 samples per population for D. integrifolia and V. uliginosum were 

retained. While Reisch & Bernhardt-Römermann (2014) found that sample size (n 

ranging from 2 to 400 of individuals and populations) and genetic diversity were not 

significantly correlated in 115 AFLP studies, low sample sizes are still expected to affect  

within and among population genetic diversity measures. In order to determine the effect 

of the low sample sizes on the data, I used correlations of sample size to various genetic 

metrics (2.3.1).  

At each site, photos were taken during sampling; this allowed for side-by-side 

comparisons of conditions across sites. A disturbance category was assigned to each site 

using these photos in combination with information gathered during site visits, 

documentation on the sites, and personal communication with site managers and / or 

researchers. Disturbance categories were based on recent (visual) and historic activities 

that would have caused habitat destruction and / or fragmentation. Disturbed populations 

showed on-going activities such as active roads, trampling (visible disturbance, trails, 

crushed plants), and gravel removal. Recovering sites were historically disturbed (gravel 

removal or road building, 50 to 100 years ago), but now protected (ecological reserves, 
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National Historic Site, National Park) and show no recent activity such as visible 

disturbance, trails, or crushed plants. Undisturbed populations showed no signs of recent 

or on-going disturbances, had no known historic disturbances, and no roads or trails 

located within 15 m. Natural disturbance, such as erosion or animal activity, was not 

considered. 

2.2.4 Analysis of genetic variation 

2.2.4.1 DNA extraction 

Approximately 20 mg of dried leaf material was frozen in liquid nitrogen and ground 

twice (40 and 30 s intervals at 5 m/s) to a fine powder in a FastPrep-24™ bead beater 

(MP Biomedicals Inc., Santa Ana, CA) using five mm glass beads (Kimble Chase Life 

Science and Research Products, LLC, Rockwood, TN). DNA was extracted using a 

NucleoSpin® Plant II kit (Macherey-Nagel Inc., Bethlehem, PA) following the 

manufacturer's instructions with two exceptions: cell lysis was increased to 60 min, and 

60 µl of 1% PVP (polyvinylpyrrolidone) was added to the 400 µl lysis buffer with 10 µl 

of RNase to eliminate polyphenols and improve DNA yield.  

DNA quality was verified on 0.8% agarose gels stained with SybrSafe and visualized on 

a VersaDocTM imager (Bio-Rad Laboratories (Canada) Ltd., Mississauga, ON; for 

example, see Fig. 2.3a). DNA concentration and purity were measured on a NanoDrop 

1000 spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA). Samples with 

concentrations lower than recommended in the AFLP protocol were concentrated using 
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a Savant DNA 120 Speedvac Concentrator (Thermo Scientific Inc., Waltham, MA). 

DNA was stored at –20 °C until use. 

2.2.4.2 AFLP genotyping  

I used Amplified Fragment Length Polymorphism (AFLP) to detect genetic 

polymorphisms. AFLPs are widely distributed throughout the genome, are comprised 

largely of non-coding (neutral) DNA, and are dominant (Meudt & Clarke 2007). The 

AFLP process entails four steps: (a) DNA restriction digest and fragment ligation to 

adapters (bands), (b) fragment amplification (in duplicate) using a polymerase chain 

reaction (PCR), (c) gel analysis of the amplified fragments, and (d) scoring and 

interpretation (Vos et al. 1995). AFLP analysis requires no prior knowledge of a species' 

genome and it is highly sensitive to detecting polymorphisms in DNA sequences (Paun 

& Schoenswetter 2012). In addition, it can generate a large number of fragments and is 

likely to produce a unique genetic profile for each individual, with presence or absence 

of an allele (variant of a gene) identified in a binary matrix (Meudt & Clarke 2007). 

However, AFLP analysis is labor intensive and requires high quality DNA. Because the 

alleles are dominant, it is not possible to separate homozygous and heterozygous 

genotypes with several resulting weaknesses: information per locus is poor, bands that 

belong to different loci may co-migrate, fragments of different genomic origin may 

appear as the same bands (homoplasy), and there can be a lack of reproducibility. Most 

of those weaknesses can be addressed by using strict criteria for the selection of bands 

used in the genetic analysis. 
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In addition to their widespread use in plant population genetic studies (Reisch & 

Bernhardt-Römermann 2014), AFLPs are also used for phylogeographical studies 

(Stachurska-Swakon et al. 2013), to identify loci (location of a DNA sequence) under 

selection (Magdy et al. 2015), specifically those of ecological relevance (Manel et al. 

2012), and to determine clonal diversity (De Witte et al. 2012) and inbreeding levels 

(Chybicki et al. 2011). In this study, I refer to DNA fragments as bands. 

I followed the Invitrogen Instruction Manual for AFLP® Analysis System I and AFLP® 

Starter Primer Kit (Life Technologies™, Thermo Fisher Scientific Inc., Waltham, MA) 

protocol to digest and ligate approximately 125 ng of DNA. The following exceptions 

were applied: reaction volumes were halved, the digestion incubation period was 

increased to 2.5 hours, the final ligated product was diluted in ultrapure H2O (Gibco), 

and DNA was re-suspended in ultrapure H2O. Products were stored at –80 °C. Pre-

amplification and selective reactions followed the AFLP Plant Mapping Protocol by 

Applied Biosystems (Life Technologies™, Thermo Fisher Scientific Inc., Waltham, 

MA). Five DNA primer combinations (IDT Integrated DNA Technologies, Coralville, 

Iowa; or Life Technologies, Thermo Fisher Scientific Inc., Waltham, MA) were selected 

from the literature and directly from other researchers (Skrede et al. 2006, Eidesen et al. 

2007, De Witte et al. 2012, J. McEwan, pers. comm.). 

After testing primers through the selective amplification step, three primer combinations 

in D. integrifolia and V. uliginosum, and two for A. parviflora were retained based on 

successful amplification (Table 2.3). Selective amplification products were sent to 
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The Centre for Applied Genomics (TCAG; Toronto, Canada) for fragment analysis 

(determination of band presence / absence per individual) on a capillary sequencer 

(Applied Biosystems 3730xl, Thermo Fisher Scientific Inc., Waltham, MA). At every 

step, digestion and PCR products were verified on 1.5% agarose gels stained with 

Sybr®Safe (Thermo Fisher Scientific Inc., Waltham, MA; Fig. 2.3b and c). Resulting 

data included genotype information for each individual by primer pair combination 

including all replicates. After cleanup of the data (described below), the final datasets 

consisted of multi-locus genotypes for the following: D. integrifolia: 73 individuals from 

nine populations (total bands = 254); V. uliginosum: 80 individuals from nine 

populations (226 bands); A. parviflora: 35 individuals from seven populations (166 

bands).  

The quality of the amplification products was assessed using Peak Scanner™Software 

v1.0 (Thermo Fisher Scientific Inc., Waltham, MA). Band presence / absence data were 

filtered using RawGeno v. 2.0 (Arrigo et al. 2009) to retain only band sizes between 50 

and 550 bp with a minimum fluorescence intensity of 50 relative fluorescence units 

(rfu), the minimum meaningful peak height (Arrigo et al. 2009). Bins (categories of 

fragments) that could not be replicated across samples were removed, because they are 

likely artifacts of the equipment or background noise (Bonin et al. 2004). Based on the 

number of bands identified across the data set for individuals, the final binary matrix 

(band presence / absence x individual samples) was derived from the raw data matrix in 

a series of steps. 
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(a) Samples (individual genotypes) were rejected if they showed weak amplification, 

(i.e., produced < 10% of the mean number of bands identified as present in that 

population; N. Arrigo, pers. comm.);  

(b) Using only samples that were replicated in a separate matrix (from all steps in the 

process, including replicated DNA extraction for the same individual, pre-amplification, 

and amplification; and within plate and among plate replication), bands were rejected if 

they consistently showed > 10% inconsistencies (mismatches) among replicated samples 

(Skrede et al. 2006);  

(c) Similarly, samples were rejected if they showed > 10% inconsistencies (mismatches) 

among bands.  

(d) Where replicate samples remained, a single replicate was selected for the final data 

matrix as follows: if two out of three replicates of a sample presented the band, then the 

individual replicate that presented with the most consensus bands was selected. If 

duplicated amplifications were inconsistent (i.e., a band was present in one replicate but 

absent in the others), then the original fragment analysis files (in Peak Scanner™) with 

the highest quality of the fragment peak for the present band was selected. A band was 

assessed as present if the peak was > 100 relative frequency units (rfu). Categories of 

bands with a high rfu more likely represent a consistent presence signal than those with a 

lower rfu, which could include background noise (Holland et al. 2008). 
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(e) From the resulting data matrix containing one sample for each individual, six bands 

were excluded because they were monomorphic. See Appendix 2.1 for an example 

(excerpt) binary matrix used in the genetic analysis. 

To determine error rates for each primer pair (Table 2.3), the ratio of observed number 

of differences in band presence / absence across all replicates and total number of 

comparisons, after the cleanup process as described above, was calculated as 2.26%, 

2.89% and 2.71% for D. integrifolia, A. parviflora and V. uliginosum respectively; < 5% 

is identified as an acceptable error rate for AFLPs (Bonin et al. 2004, Pompanon et al. 

2005, Bonin et al. 2007, Crawford et al. 2012). Seven, 11 and five DNA extractions 

were repeated for each species, D. integrifolia, A. parviflora and V. uliginosum, 

respectively, and duplicates within and among plates were also included (47 and 22, 

respectively for D. integrifolia, 8 and 25 for A. parviflora and 17 and 20 for V. 

uliginosum) for an overall replication rate of 32%, 47% and 15% for D. integrifolia, A. 

parviflora and V. uliginosum respectively, which are all above the recommended lower 

limit of 5 to 10% (Bonin et al. 2004).  

Given concern over low and unequal sample sizes for some populations, I calculated two 

genetic diversity measures using rarefaction (Nei's gene diversity D and Allelic richness 

Pb, Appendix 2.2); both were highly correlated with all other measures of genetic 

diversity. In addition, I calculated the correlation coefficients for all genetic metrics 

(genetic diversity and genetic differentiation, PHI'PT (Φ'PT) to determine their sensitivity 

to sample size (Appendix 2.4). When all three species were included, the number of 



 

 

 

71 

individuals sampled per population was significantly correlated only with percent 

polymorphic loci (%P), indicating that %P was not a reliable measure for small sample 

sizes. However, this appeared to be driven by the inclusion of the extremely small 

samples sizes for Anemone parviflora; when it was removed, %P was also no longer 

correlated with the number of individuals sampled per population. I report %P for all 

species, but Appendix 2.2 provides results for all other metrics. 
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2.3 Data Analysis 

2.3.1 Genetic diversity and differentiation 

Although missing data in AFLP datasets are not unusual (e.g., where binary genotype 

data for an individual do not exist for all primer combinations used in an analysis), they 

can be problematic for pairwise distance-based analysis (Peakall & Smouse 2006). To 

deal with missing data (4%, 7% and 0% for A. parviflora, D. integrifolia, and V. 

uliginosum respectively), which occurred randomly throughout the dataset, I interpolated 

missing data (GenAlEx v. 6.502) as recommended by Peakall & Smouse (2006), 

calculating average genetic distances (across all non-missing individual distances) at the 

locus for the missing pairwise population contrast.  

2.3.1.1 Genetic diversity within populations 

The percentage of variable bands in a population (%P), one of the most commonly used 

estimators of genetic diversity within populations (Reisch & Bernhardt-Römermann 

2014), was calculated from the final binary matrix of band presence / absence (see Table 

2.4). A one-sample t-test was performed to assess significant differences from the mean 

using the stats package (R Core Team 2015). I also report percent polymorphic loci at 

1%, Shannon's information index, effective number of alleles, expected heterozygosity, 

allelic richness (using rarefaction to account for unequal sample sizes), and Nei's gene 

diversity (using rarefaction) for comparison with the literature (see Table 2.4 for 

calculations, and Appendix 2.2). The Pearson correlation coefficients between all pairs 
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of metrics were calculated using the psych package (Revelle 2016). Analyses were 

carried out in R v. 3.2.2 (R Core Team 2015). 

2.3.1.2 Genetic differentiation and structure among populations 

To assess pairwise genetic differentiation, I calculated a dissimilarity matrix of pairwise 

individual differences in band presence / absence in Euclidean space (GenAlEx v. 

6.502). Using the genetic distance matrix, genetic differentiation among all pairs of 

populations was estimated using PHI'PT (Φ'PT) in GenAlEx v. 6.502 (Peakall & Smouse 

2006, 2012). Φ'PT is calculated through Analysis of Molecular Variance (AMOVA) by 

dividing the estimate of variance among populations by the estimate of variance among 

populations plus estimate of variance within populations. Φ'PT is an analog of FST for 

dominant markers. Critical Φ'PT values were categorized (Hartl & Clark 1997): < 0.05 

(little genetic differentiation), 0.05–0.15 (moderate genetic differentiation), 0.15–0.25 

(high genetic differentiation), and >0.25 (very high genetic differentiation). To test the 

null hypothesis that populations were not differentiated (i.e., they experience high 

contemporary gene flow and / or share genotypes such that Φ'PT = 0), permutation 

analysis was used to generate a distribution of Φ'PT values from 999 random 

permutations of the data. The null hypothesis was rejected if the observed Φ'PT value 

was greater than 95% of the Φ'PT values generated from the randomized data.  

2.3.1.3 Statistical tests analyzing genetic diversity and differentiation  

The spatial structure of genetic variation was evaluated using AMOVA with the default 
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settings (in the Excel add-in GenAlEx v. 6.502) (Peakall & Smouse 2006, 2012). The 

analysis partitioned genetic variation into three a priori components. Specifically, the 

percent of molecular variance allocated to within populations, among populations within 

regions, and among regions.  

Major groupings in genetic variation based on the genetic distance matrix were 

visualized using Principal Coordinate Analysis (PCoA; also known as multidimensional 

scaling, MDS, using the genetic distance metric) in GenAlEx v. 6.502 (Peakall & 

Smouse 2006, 2012). This eigenvalue technique uses matrices of dissimilarities and is 

particularly well suited to distance matrices. Successive PCoA axes represent 

percentages of variation explained using the standardized covariance default setting, 

which converts the distance matrix into a covariance matrix (Peakall & Smouse 2006, 

2012). Only two axes were retained, as subsequent axes explained considerably less 

variability. Centroid plots were created using mean scores on axes 1 and 2 of the PCoA, 

with ellipses indicating ± SE based on genetic distances. 

The genetic structure of the D. integrifolia data set was further assessed based on the 

binary matrix of band presences / absence derived from AFLP analysis. Cluster analysis 

was carried out using the Bayesian approach implemented in STRUCTURE v.2.2.3 

(Pritchard et al. 2000, Falush et al. 2003, Falush et al. 2007, Pritchard et al. 2010), 

assigning individuals to clusters (also termed putative ancestral lineages) according to 

allele frequency differences by analysis of likelihood (i.e., individuals are placed into 

groups that share similar patterns of variation; Porras-Hurtado et al. 2013). Because 
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the degree of admixture in the species is unknown, the no-admixture model was used as 

recommended (Pritchard et al. 2010). STRUCTURE analysis used correlated allele 

frequencies with a burn-in period of 50,000 with 100,000 Markov Chain Monte Carlo 

(MCMC) iterations, with 10 replicates for 1–10 putative clusters (K) (Evanno et al. 

2005, Earl & vonHoldt 2012). The most likely number of genetic clusters (K) was 

selected using the ΔK method (Evanno et al. 2005) implemented in the online program 

Structure Harvester (Earl & vonHoldt 2012) assuming prior values of K between 1 and 

10. In addition, best K was verified by calculating ln(K) and ΔK using Clumpak 

(Kopelman et al. 2015). The results were visualized using Structure Plot (Ramasamy et 

al. 2014). No STRUCTURE analysis was carried out for Anemone parviflora due to low 

sample sizes of individuals per population for this species, or for Vaccinium uliginosum, 

because the PCoA for this species showed no genetic structuring. 

2.3.2 Distance, disjunction and levels of disturbance 

First, to test the assumption that genetic distance (differentiation) among individuals 

increases with the geographic distance between them, the correlation between individual 

pairwise genetic and non-transformed geographic distance matrices was calculated using 

a Mantel test, based on 999 permutations using the standard permute option in GenAlEx 

v. 6.502 (Peakall & Smouse 2006, 2012). The genetic distance matrix was calculated 

using linear genetic distances as recommended by Blyton & Flanagan (2012), and the 

geographic distances were generated from latitude and longitude coordinates, using the 

“haversine” formula (equation that gives great-circle distances between two points on a 
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sphere), for individual plants (except populations at Nairn and Torngat, where only 

population coordinates were available).  

Second, to test for a trend of decreasing genetic diversity within populations and 

increasing genetic differentiation among pairs of populations towards each species' 

range edge, the association of mean population genetic diversity and mean pairwise 

genetic differentiation with population distance from edge (in km, edge = 0, disjunct 

negative, and positive values towards core, Table 2.2) was assessed using analysis of 

variance (ANOVA, all populations). Predictor variables included distance to edge and 

species, as well as their interaction term. Species were also analyzed individually, and 

because genetic differentiation can be positively associated with maximum geographic 

distances (Reisch & Bernhardt-Römermann (2014), each analysis was run with and 

without Torngat and Nain (the most distant core populations). 

Third, a multi-factor ANOVA was used to test the association of mean population 

genetic diversity and mean pairwise among population differentiation with population 

disjunction and habitat disturbance (all populations). Predictor variables included 

disjunction, disturbance and species, as well as their interaction terms. Population 

disjunction type was coded as a categorical binary variable (0 = disjunct, 1 = edge / 

core), with all disjunct populations occurring at a distance of 100 km or more beyond the 

range edge, or in isolated habitat patches, as defined above. Disturbance type was coded 

as a categorical variable (0 = undisturbed, 1 = recovering, 2 = disturbed). 
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The Pearson correlation coefficients between pairs of variables were calculated for 

several other potential predictor variables that could be associated with isolation 

(population size, habitat area, and plant density) using the psych package to assess if 

there is a linear relationship between variables (Revelle 2016). These variables were not 

further considered because they were all highly correlated with disjunction (r > 0.69, P < 

0.001). 

Model residuals were assessed using the Bartlett test for homogeneity of variances, by 

visually inspecting plots of standard residuals, normal quantile of the residuals (normal 

distribution), scale-location (identifying heteroscedasticity), and leverage and Cooks 

Distance (leverage and influential cases). All analyses were carried out in R v. 3.2.2 (R 

Core Team 2015) using the stats package, and agricolae for the TukeyHSD tests (de 

Mendiburu 2016). 
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2.4 Results 

2.4.1 Genetic diversity and differentiation  

Percent polymorphic loci (%P) were highly correlated with all other measures of within-

population genetic diversity for all three species (Pearson correlation coefficients for all 

pairs of metrics ranged from r = 0.51 to 1.0, with a mean r = 0.82; all P < 0.04; 

Appendix 2.2). Overall, all three species showed similar patterns of within population 

genetic diversity across their respective ranges sampled and in disjunct populations 

(Table 2.5). For example, genetic diversity in disjunct populations was not lower than 

that detected within each species' core and range edge and genetic diversity did not 

decline beyond the continuous range edge. Highest genetic diversity was detected in 

core populations, and unique (private) bands were detected in several populations across 

the sampled range (Appendix 2.2). In contrast, patterns of genetic differentiation, and 

the PCoA results, varied dramatically among species. In the PCoA for example, two 

disjunct populations of A. parviflora (Wilson Brook and Restigouche) were clearly 

separated from all other populations sampled for that species (Fig. 2.4), while D. 

integrifolia genetic clusters were not associated with the populations and showed 

considerable mixing among populations (Fig. 2.5). No genetic clustering was detected 

for V. uliginosum (Fig. 2.6). Detailed results for each species follow. 

2.4.1.1 Anemone parviflora 

A significant number of A. parviflora samples failed to amplify, such that only 35 
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individuals from eight populations were successfully genotyped. Results inferred from 

this low number of individuals / population results in reduced statistical power and 

should be interpreted cautiously. In addition, one primer combination was entirely 

removed as too few loci for reliable genotyping were detected. However, some 

inferences can still be made. In contrast to expectations, partitioning of genetic variation 

in AMOVA indicated that the greatest variation occurred within populations (84%), with 

only 1% occurring between the two sampled regions, edge and disjunct (Table 2.6). The 

highest %P was detected in Port-au-Choix (within the range edge), where 67% of bands 

(out of 130) were polymorphic (Table 2.5, t = -4.35, P = 0.003, Appendix 2.3). Diversity 

in edge populations ranged from 33 to 67 %P (n = 5 populations). Wilson Brook, the 

most geographically isolated population, at 58 %P (t = -2.87, P = 0.024), was 

comparable to Port-au-Choix at 34 %P, and higher than average %P across all 

populations (41 %P). The disjunct population in Restigouche contained the lowest 

genetic diversity of all populations (10 %P, t = 5.0, P = 0.002).  

Few estimates of pairwise differentiation of edge populations were significantly greater 

than zero. However, those including at least one of the two disjunct populations at 

Wilson Brook and Restigouche were frequently significant, with moderate to high levels 

of Φ'PT from other populations (range from 0.115 to 0.454, Table 2.7a) suggesting these 

two populations were generally differentiated from other populations more than 

continuous range-edge populations were differentiated from each other. Mean genetic 

differentiation among edge populations was Φ'PT = 0.091, and among disjunct 
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populations was 0.238. Unique bands were observed in Wilson Brook, Tablelands, Port-

au-Choix and Burnt Cape (2, 1, 2, 1 unique bands respectively). 

STRUCTURE analysis was not carried out for this species due to the very low sample 

sizes in some populations. The first two axes of the PCoA explained 48% of variation in 

genetic diversity (Fig. 2.4a). The first axis showed considerable spread and overlap (Fig. 

2.4b) and Wilson Brook and Restigouche were clearly separated from other sites on the 

second axis. 

2.4.1.2 Dryas integrifolia 

Only 7% of variation was attributable to among-region differences (AMOVA, Table 

2.6), however this was almost entirely due to differentiation from Torngat (the most 

northern core population). When the AMOVA analysis was repeated without the 

Torngat population, no among-region variation remained, while among population 

variation (17%) remained similar to the previous analysis, and within-population 

variation continued to dominate (83%). As expected, highest %P was detected in 

Torngat, where 70% of bands (out of 144) were polymorphic (Table 2.5, t = -4.92, P = 

0.001, Appendix 2.3). The five edge populations ranged from 32 to 56 %P. Wilson 

Brook, the most geographically isolated population, was comparable at 45 %P (t = 0.25, 

P = 0.807) to a number of Newfoundland populations within the range edge, and 

comparable to the average %P across all populations. Lowest genetic diversity was 

observed within the range edge at Bellburns (32 %P, t = 2.05, P = 0.019), as well as in 
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the disjunct population at Tablelands (31 %P, t = 3.15, P = 0.013) in Newfoundland.  

Most estimates of pairwise differentiation between populations were significant, with 

moderate levels of Φ'PT (0.15 to 0.25, Table 2.7b). A number of population comparisons 

showed high levels of differentiation (> 0.25), but four (Burnt Cape, Sandy Cove, Cooks 

Harbour and Port-au-Choix) were not significantly differentiated (Φ'PT ranging between 

0.0 and 0.032; all P > 0.21). As expected, Torngat was significantly differentiated from 

all other populations (Φ'PT = 0.119 to 0.340). Disjunct Wilson Brook was also 

differentiated from all other populations (0.098 to 0.340) except Cooks Harbour (Φ'PT = 

0.076, P = 0.076) and Sandy Cove (Φ'PT = 0.151, P = 0.089). Surprisingly, disjunct 

Mount Logan was not significantly differentiated from the edge populations Burnt Cape 

(Φ'PT = 0.000, P = 0.369), Cooks Harbour (Φ'PT = 0.131, P = 0.052) or Sandy Cove (Φ'PT 

= 0.144, P = 0.067) despite an average distance of 829 km from Mount Logan to the 

other three. Mean genetic differentiation among core and edge populations was Φ'PT = 

0.123, and 0.245 among disjunct populations. Unique bands were observed in Wilson 

Brook, Mount Logan, Tablelands, Bellburns, and Torngat (2, 1, 1, 2, 4 unique bands 

respectively). 

The first two axes of the PCoA explained 62% of variation in genetic diversity (Fig. 

2.5a). A plot of centroids (mean scores ± SE, Fig. 2.5b) shows genetic separation of 

Torngat on the first axis. Port-au-Choix and Wilson Brook were very similar to one 

another, as was Cooks Harbour to Sandy Cove. Bellburns and Tablelands were also very 

similar, with low variability, and clearly separated from all other populations on axis 



 

 

 

82 

2. Wilson Brook was generally closer to all Newfoundland populations than to Mount 

Logan or Torngat (Fig. 2.5a). 

Mean K values from the Structure analysis using the ΔK method (Evanno et al. 2005) 

identified one peak at K = 3 (Appendix 2.5). This was confirmed by Best K in Clumpak 

(Kopelman et al. 2015) with K = 3 (Prob(K = 3) = 1), while the probability of all other 

values was < 0.0009. The analysis assigned 69 of 73 individuals to one of three putative 

ancestral lineages (Fig. 2.6) with 90 – 100% probability, indicating that genetic 

admixture across the entire sampled region is low for this species. Interestingly, 

individuals from the disjunct populations at Mount Logan and Wilson Brook were 

primarily assigned to different ancestral lineages (i.e., > 50%). Individuals from the core 

Torngat population and the two northern Newfoundland populations (Burnt Cape, Cooks 

Harbour) were assigned to varying degrees to three putative lineages. In the other four 

Newfoundland populations (Sandy Cove, Port-au-Choix, Bellburns and Tablelands) 

individuals were assigned to two lineages each, with all three lineages present, yet with 

only one lineage common to all four populations. 

2.4.1.3 Vaccinium uliginosum 

Virtually all variation for this species (99%) was within populations, with no detectable 

structure among populations (Table 2.6). As with the other species, highest %P was 

detected in Torngat, where 70% of bands (out of 184) were polymorphic (Table 2.5, t = -

3.77, P = 0.005, Appendix 2.13). Edge populations ranged from 39 to 66 %P (n = 5, 

number of populations). The disjunct population at Mount Logan was 66 %P (t = -
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2.25, P = 0.054), which was similar to or higher than the %P detected in all other 

populations. Lowest genetic diversity was observed in the range-edge population at 

Cooks Harbour (39 %P, t = 5.62, P < 0.001).  

There was very little pairwise differentiation (Φ'PT) among populations (Table 2.7c), 

with all Φ'PT < 0.05. However, Bellburns was significantly differentiated from most 

other populations, and Tablelands was significantly differentiated from Sandy Cove. 

Unique bands were observed in Mount Logan, Bellburns, Port-au-Choix and Torngat (1, 

1, 2, 1 unique bands respectively). 

The first two axes of the PCoA explained only 8.8 % of variation in genetic diversity 

(Fig. 2.6a), which is reflected in the plot of centroids (mean scores ± SE) (Fig. 2.7b) 

showing little separation of populations on either axis. The primary axis of the centroid 

plot appears to separate Torngat and Nain, but the plot of individual loadings shows a 

fair amount of overlap in these two populations. The secondary axis separated Cooks 

Harbour, Mount Logan and Torngat, but all populations showed considerable overlap 

(Fig. 2.7a). STRUCTURE analysis was not carried out, given results of the PCoA 

analysis. 

2.4.2 Association among genetics, distance, disjunction and levels of disturbance 

My analysis did not reveal any overall associations between mean population genetic 

diversity with geographic distance or site disturbance across all species. However, mean 

population genetic differentiation varied among disjunct and other core and range-edge 
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populations, with disjunct populations showing higher levels of genetic differentiation. 

Population genetic differentiation varied among species and was significantly associated 

with disturbance for two of the three species, with undisturbed sites showing higher 

mean population genetic differentiation than both recovering and disturbed sites. 

Populations more distant from the edge showed higher levels of genetic differentiation 

for only two species. 

2.4.2.1 Isolation by distance 

There was no evidence of isolation by distance in A. parviflora (Mantel test, Fig. 2.8a, 

R2 = 0.001, P = 0.325). In contrast, there was evidence of isolation by distance for D. 

integrifolia (Fig. 2.8b, R2 = 0.187, P < 0.001) and V. uliginosum (R2 = 0.01846, P = 

0.010), albeit weak in the latter case (Fig. 2.8c).  

Multi-factor ANOVA, including all populations (diversity ~ distance x species), 

revealed that mean population genetic diversity did not vary among species (F2,20 = 2.16, 

P = 0.142), distance from edge (F1,20 = 2.16, P = 0.158), or their interaction (F2,20 = 0.09, 

P = 0.915). Genetic differentiation, however, differed significantly among species (F2,20 

= 19.13, P < 0.001, Fig. 2.9b), and with distance from range edge (F1,20  = 11.32, P = 

0.003). There was no significant interaction of species and distance from edge (F2,20 = 

2.57, P = 0.101). When species were analyzed separately, ANOVA of mean population 

genetic differentiation and distance from range edge including all populations / species 

showed no significant association between distance from range edge and genetic 

differentiation for A. parviflora (F1,6  = 4.64, P = 0.075). Populations of D. integrifolia 
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and V. uliginosum showed no association of genetic differentiation with distance from 

edge (F1,7 = 0.01, P = 0.993, F1,7 = 0.04, P = 0.866, respectively).  

When core populations were excluded from the analysis for D. integrifolia and V. 

uliginosum, ANOVA revealed association between distance from edge and neither 

genetic diversity (D. integrifolia: F1,6  = 1.55, P = 0.260, V. uliginosum: F1,5  = 3.50, P = 

0.120) nor genetic differentiation (F1,5  = 0.001, P = 0.978, F1,6  = 5.58, P = 0.056 

respectively). Populations more distant from the edge showed higher levels of genetic 

differentiation for A. parviflora, and D. integrifolia (Fig. 2.9 and 2.10 respectively) but 

not for V. uliginosum when only edge and disjunct populations were considered (Fig. 

2.11). 

2.4.2.2 Disjunction 

ANOVA showed that genetic diversity did not vary significantly among species (F2,21 = 

2.99, P = 0.072), and there was no interaction of species and disjunction (F2,17 = 0.50, P 

= 0.613). Genetic diversity did not vary significantly between population type (disjunct 

or continuous edge / core) (F1,21 = 1.21, P = 0.285, Fig. 2.12a). Genetic differentiation 

differed significantly among species (F2,21 = 25.70, P < 0.001) and disjunction (F1,21 = 

6.03, P < 0.023, Fig. 2.12b) with no interaction (F2,17 = 2.85, P = 0.086). Disjunct 

populations showed higher levels of mean population genetic differentiation than 

populations from the range edge and core combined for A. parviflora and D. integrifolia, 

but not for V. uliginosum. 
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2.4.2.3 Disturbance 

Analysis of variance (ANOVA) revealed that genetic diversity did not vary significantly 

with disturbance levels (F2,21 = 3.77, P = 0.066, Fig. 2.13a), or species (F2,21 = 3.0, P = 

0.072), and there was no interaction among species and disturbance levels (F2,17 = 0.56, 

P = 0.581). Genetic differentiation varied significantly with species (F2,21 = 25.70, P < 

0.001) and with disturbance levels (F2,21 = 6.86, P = 0.016, Fig. 2.13b). There was no 

evidence of an interaction (F2,17 = 2.78, P = 0.091). Undisturbed sites showed higher 

mean population genetic differentiation than both recovering and disturbed sites for A. 

parviflora and D. integrifolia, but not for V. uliginosum. 
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2.5 Discussion 

This study is the first to evaluate genetic variability of rear range-edge, disjunct 

populations of three arctic-alpine species (Anemone parviflora, Dryas integrifolia and 

Vaccinium uliginosum) in Atlantic Canada, and to relate genetic patterns to measures of 

geographic isolation. It was motivated by concerns that small, disjunct, rear-edge 

populations may be associated with low levels of genetic diversity, making them 

vulnerable to climate change and stochastic events (Hampe 2005, Hampe & Jump 2011). 

Furthermore, if these populations are locally adapted and contain unique genotypes, their 

extirpation could reduce the overall ability of the species to respond to global climate 

change (Rehm et al. 2015).   

Contrary to some predictions of lower within-, and greater among-population genetic 

variation (Hamilton & Eckert 2007, Pandey & Geburek 2010, Meeus et al. 2012, 

Nagamitsu et al. 2014), I found that genetic diversity in all three species remained high 

at range edges, and in some disjunct populations, relative to the total sample. Only D. 

integrifolia and A. parviflora displayed within and among population genetic structuring 

at the range edge, which supports the hypothesis that disjunct populations may not 

follow any presumed pattern due to complex interactions of life history traits, historical 

processes and landscape configuration. The lack of population genetic structuring in V. 

uliginosum may be attributable to its high dispersal capacity (ornithochory), indicating 

that patterns in disjunct populations may be species- and population- specific. Based on 

this multi-species framework, I found that distance, disjunction and disturbance 
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(indicators of isolation) were weak predictors of genetic variability at the rear range edge 

for these species.  

Below I summarize genetic patterns, first across the landscape and then among species, 

and speculate on the role of historical factors, life history traits, and landscape 

configuration as possible drivers for range-edge genetic patterns. I also discuss the utility 

of three indicators of isolation (distance, disjunction and disturbance) as predictors of 

genetic variability patterns at the rear range edge in disjunct populations of widespread 

species.  

2.5.1 Genetic variability patterns at the rear range edge 

Range theory predicts that many species should display a pattern of decreased genetic 

diversity and increased differentiation at their rear range edge (Lesica & Allendorf 1995, 

Hamilton & Eckert 2007, Eckert et al. 2008, Vakkari et al. 2009, Diekmann & Serrao 

2012, Meeus et al. 2012, Wang & Bradburd 2014), which is supported by half of all 

studies included in a recent review (Pironon et al. 2016). Isolated populations are 

expected to lose genetic diversity over time due to genetic drift, and subsequently show 

increased genetic differentiation among populations. My findings show neither loss of 

diversity, nor increase in differentiation, for two of the three study species, and 

demonstrate considerable maintenance of genetic diversity in a number of disjunct 

populations. My results are consistent with those for a number of species in the 

literature, providing further evidence that many species follow a more complex pattern. 

For example, no trend was detected for Saccorhiza polyschides, a large brown 
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seaweed in SW Europe along a latitudinal gradient towards the range edge (Assis et al. 

2013), at the rear range edge of Alnus glutinosa, a European tree species (Lepais et al. 

2013), nor in disjunct populations of Anacamptis pyramidalis, an orchid occurring in 

Europe and North Africa, compared to core and edge populations (Ilves et al. 2016). 

Higher genetic diversity and unique markers were found in disjunct populations of the 

arctic graminoid Puccinellia phryganodes (Kvist et al. 2015), unique genetic diversity 

was found in disjunct populations of the South Asian tree Shorea robusta (Pandey & 

Geburek 2010), and no increase in differentiation was found in disjunct populations of 

the shrub Vaccinium vitis-idaea in Japan (Ikeda et al. 2015). High levels of genetic 

diversity have also been reported in relict and refugial populations that have persisted 

after deglaciation (reviewed by Hampe 2005, Lepais et al. 2013, Pironon et al. 2015). It 

appears predictions of decreased genetic diversity and increased differentiation do not 

necessarily apply to range edges that include disjunct, relict or refugial populations.   

In addition, and despite differences in dispersal mechanisms, mating system, life form 

for two species, and longevity, I expected similarities in genetic variability patterns 

among the three species based on their shared southern geographic range locations and 

possible shared historical processes (Westberg & Kadereit 2009). All three species are 

thought to have arrived in New Brunswick through re-colonization after the Last Glacial 

Maximum (LGM), given the macro fossil evidence for D. integrifolia and V. uliginosum 

(Mayle & Cwynar 1995), and data on local cover of the Laurentide Ice Sheet 23 ka BP 

to 18 ka BP (Dyke 2005). Despite some similarities, my results indicate that the three 
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species differ in some important ways in their genetic patterns across the rear range 

edge. Published comparisons of other closely related or sympatric species have shown 

similar differences. For example, different patterns of genetic variability have been 

observed among three violet (Viola) species in similar habitats and range locations in 

central Europe (Eckstein et al. 2006), in rear-edge populations of the arctic-alpine 

species Ranunculus pygmaeus and Saxifraga cernua (Bauert et al. 2007) in Svalbard and 

northern Sweden, in three semi-grassland species (Briza media, Trifolium montanum and 

Ranunculus bulbosus) along an altitudinal gradient in the European Alps (Hahn et al. 

2012), and in three snow-bed herb species in northern Japan (Peucedanum multivittatum, 

Veronica stelleri, and Gentiana nipponica) (Hirao & Kudo 2004). It appears that despite 

similar life history traits and historical processes, genetic patterns at range edges cannot 

be presumed to be comparable even across closely related or sympatric species. 

Differences among similar species have been attributed to differential changes to 

habitats (Eckstein et al. 2006), differential reduction and fragmentation during glacial 

periods and different breeding systems (Bauert et al. 2007), differences in flower 

morphology (Hahn et al. 2012) and differences in pollination and thus gene flow (Hirao 

& Kudo 2004). 

An increase in genetic differentiation and a decrease in within-population genetic 

diversity are expected when gene flow (via seeds or pollen) acts more slowly than 

genetic drift (Orsini et al. 2013, Sexton et al. 2014, Wang & Bradburd 2014). Data from 

my research suggest that individual species and populations experience different levels 
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of genetic isolation not simply as a result of geographic distance, but presumably due to 

complex and unknown interactions of biotic and abiotic factors, with some of them 

likely having occurred in the past. While historical processes may have caused an 

underlying genetic pattern across the landscape of D. integrifolia since the LGM, and 

which is still detectable today, such was not the case for V. uliginosum. Species' life 

history traits and those associated with reproduction and fitness can buffer against 

genetic isolation and the loss of genetic diversity (Balloux et al. 2003, Honnay et al. 

2005, Aguilar et al. 2008). Greater gene flow was evident for V. uliginosum than for 

either D. integrifolia or A. parviflora populations, presumably due to its greater seed 

dispersal capacity. Abiotic factors such as landscape configuration resulting from habitat 

features and fragmentation could exacerbate the effects of simple geographic distance by 

increasing genetic isolation (Aguilar et al. 2008), and different levels of gene flow would 

be expected as a result of changes in landscape configuration across a species' range. 

Landscape heterogeneity can create barriers to gene flow when seeds or pollen cannot 

disperse beyond a barrier, as may be the case in island situations (Sexton et al. 2014). 

Landscape barriers may have affected gene flow among range-edge populations, 

especially in disjunct populations of D. integrifolia and A. parviflora. On the other hand, 

V. uliginosum populations were located in more open landscapes throughout most of the 

sampling area. 

Given the interaction of these biotic and abiotic factors, and the temporal aspect, it is not 

surprising that gene flow can differ across a species' range, and among populations of a 
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species located at similar range locations (e.g., edges) (Ellstrand 1992). Patterns of 

genetic variability may be particularly complex and inconsistent among disjunct 

populations beyond the continuous rear range edge, since some of these populations may 

represent an “extreme manifestation of geographic peripherality” (Hamilton & Eckert 

2007). They may be occurring in heterogeneous landscapes at considerable distance 

from other populations, especially if they are refugial. In summary, the occurrence of a 

population at a rear range edge, even if disjunct or relictual, does not effectively predict 

its level of genetic diversity, nor its degree of differentiation from other populations. 

2.5.2 Patterns of genetic variability in Anemone parviflora, Vaccinium uliginosum 

and Dryas integrifolia 

This study sampled populations on a gradient from species' distributional cores (except 

A. parviflora) across the range edge to disjunct populations. Below I summarize the 

landscape patterns for each species, focusing on the disjunct populations, and relate 

them to the biotic, abiotic, and historical factors specific to each.  

2.5.2.1 Anemone parviflora 

While low sample sizes limit inferences concerning genetic diversity of disjunct 

populations of this species in NB, some discussion is warranted. Anemone parviflora has 

wind-dispersed seeds and insect-dispersed pollen; although seed and pollen dispersal 

distance is unknown, we can assume that both may be limited by distance and landscape 

configuration. While no core populations of A. parviflora were sampled, populations in 
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the continuous range edge in Newfoundland show mixed levels of genetic diversity and 

low levels of genetic differentiation. Two disjunct populations ranged from lowest 

(Restigouche) to second highest genetic diversity (Wilson Brook). In addition, both 

populations were significantly differentiated from four and six of the seven other 

populations. These data support the hypothesis that their very different genetic patterns 

are attributable to different origins. While the Wilson Brook population may be a relict 

population that has persisted in this unique habitat after re-colonization, no macrofossils 

confirm the species' presence after glacial retreat, thus further research would need to 

include additional populations. In particular, an analysis of uni-parentally inherited 

haplotypes (i.e., a phylogenetic approach) could help determine if this population is 

indeed a relict. In contrast, the extremely low level of genetic diversity of A. parviflora 

in the disjunct Restigouche population suggests establishment by only a few individuals 

(i.e., a founder event). Its low diversity could be attributed to a lingering founder effect 

post-colonization, a lack of gene flow among populations, and / or genetic drift.  

2.5.2.2 Dryas integrifolia 

Dryas integrifolia is insect pollinated, and fruits are dispersed by wind, which is a 

moderately good mechanism for maintaining gene flow in open landscapes such as the 

arctic tundra (Tremblay & Schoen 1999) but may be less effective in heterogeneous 

landscapes. Unlike the other two species studied, D. integrifolia showed significant 

population genetic structuring across the landscape in terms of diversity and 

differentiation. Genetic diversity was highest in Torngat, the most central population. 



 

 

 

94 

The range edge showed both low and high levels of genetic diversity. The three disjunct 

southern populations (Tablelands, Wilson Brook and Mount Logan) differed 

dramatically: their diversity ranged from lowest at Tablelands to highest at Mount 

Logan. Although Tablelands was closest to the range edge, it was significantly 

differentiated from all other populations.  

Fossil records and cpDNA analysis suggest that D. integrifolia presumably expanded 

northward from refugia along the eastern coastline from the New England states, and 

southward from those in the Arctic and Beringia (Tremblay & Schoen 1999). 

STRUCTURE analysis identified three putative ancestral lineages for D. integrifolia, 

leading me to propose that two migration fronts met in Newfoundland and Labrador 

following deglaciation (Fig. 2.14). The incomplete differentiation of populations at 

Wilson Brook and Mount Logan from Newfoundland could arise from shared origins 

followed by subsequently limited gene flow among populations. Additional data from 

other known populations in Newfoundland, and northward, are required to explore this 

hypothesis. 

Life history traits and landscape patterns are also likely to have influenced the 

population genetic patterns of the three disjunct populations. Genetic drift is likely to be 

low in D. integrifolia, a long-lived clonally reproducing woody shrub. De Witte et al. 

(2012) determined the maximum age for individuals of clonally reproducing Dryas 

octopetala (a congener of D. integrifolia) at 500 years. Although the species displays 

characteristics associated with moderate dispersal (i.e., insect pollinated and wind 
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dispersed), its effective dispersal may be determined relative to the barriers created by 

landscape heterogeneity (Sexton et al. 2014). The small Wilson Brook population of D. 

integrifolia exhibited moderate levels of genetic diversity but was significantly 

differentiated from most other sampled populations, suggesting strong isolation by 

geography, habitat, or both. It is located on a regionally rare “island” of gypsum 

substrate within a heterogeneous, hilly mosaic landscape of forests, fields and brooks. 

The barriers to seed dispersal in this context are demonstrated by the absence of D. 

integrifolia from an apparently similar gypsum site located within 15 km of Wilson 

Brook (ACCDC 2017). 

In contrast to Wilson Brook, the smaller Mount Logan population (in terms of 

population size and habitat expanse) exhibited a higher level of genetic diversity and a 

lower degree of differentiation. The Mount Logan population is currently confined to a 

highly exposed calcareous mountain ridge, but according to the deglaciation history of 

the area (Dyke et al. 2002, Dyke 2005, Shaw et al. 2006), it may have been part of a 

much larger and more widespread population soon after glacial retreat, when tundra 

vegetation was prevalent. Given that an additional population was recently reported and 

other unreported populations may exist in the mountain range, Mount Logan may be part 

of a meta-population, disjunct from the continuous range edge. Aided by air movement 

through the open habitat, gene flow among these sub-populations could be maintained, 

hence explaining high levels of genetic diversity at Mount Logan.  
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Disjunct populations of D. integrifolia at the Tablelands site showed very low diversity 

(32 %P), with high differentiation from all other populations. The isolation of the site, its 

unique habitat and its presumed history suggest the relative genetic structure of this 

population may be the result of a founder event (Allendorf & Luikart 2012). There is 

evidence neither in the literature nor herbarium records (ACCDC 2017) to suggest that 

there were additional populations in this valley, and since the species can grow only in 

weathered substrate, the extent of which is very limited at this location, it appears 

unlikely that the population was larger in the past. The area is surrounded by toxic 

mantle rock in an enclosed inland glacial valley. Beyond the valley, one population is 

known approximately 20 km to the north, and others 50 km to the south (ACCDC 2017). 

In contrast, the similarly low diversity and high differentiation of Bellburns (within the 

continuous range edge) may be attributable to a population bottleneck: it appears to 

represent the remains of a much larger population, decimated by extensive habitat 

fragmentation, when substrate from the site was used in road building from 1975 to 1980 

(M. Burzynski pers. comm. 2013).  

2.5.2.3 Vaccinium uliginosum 

Vaccinium uliginosum is insect pollinated and its fleshy multi-seeded fruit are dispersed 

by animals, notably birds, potentially allowing for long-distance dispersal events and 

thus gene flow over large distances. As expected given previous studies of this species 

(Alsos et al. 2005, Eidesen et al. 2007), genetic diversity within V. uliginosum 

populations was similar across the sampled range, with very little differentiation 



 

 

 

97 

revealed among populations, which. The species' genetic patterns can likely be attributed 

to its longevity combined with high dispersal capacity, currently and through the past, 

allowing for continued gene flow among populations even at considerable distances. 

Ongoing gene flow may explain the lack of population genetic structure observed in this 

study, supported by previous findings for this species. For example, Alsos et al. (2005) 

attributed similar levels of genetic diversity (based on cpDNA) in formerly glaciated and 

un-glaciated regions throughout the species' entire distribution range to continued gene 

flow among populations. Low levels of genetic differentiation have been found across 

the entire geographic range of the species (Eidesen et al. 2007), and PCoA did not 

identify any clustering. Although long-distance dispersal of fruits by migratory birds, as 

proposed by Alsos et al. (2005) may be a rare event, it could be more common than 

modeling exercises have indicated (Higgins et al. 2003, Viana et al. 2013, Ikeda et al. 

2015). Given that previous studies have shown low levels of genetic differentiation 

across the entire species' range, low levels of genetic differentiation in V. uliginosum in 

my study are not surprising, even among populations at a considerable distance from 

each other. 

2.5.3 Potential predictors of genetic variability patterns at range edge 

Given the evidence that patterns of genetic variability differ among species and 

populations at the rear edges that were sampled in this research, it would be useful to 

identify correlates that could be used to predict the genetic distinctness of disjunct 

populations. I predicted that patterns of genetic diversity and differentiation would be 
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associated with factors such as geographic distance, disjunction, and disturbance as an 

indicator of habitat fragmentation. However, I found that none of those predictors was 

associated with genetic diversity and differentiation for my study species. 

In this study, I expected isolation by distance to be particularly pronounced for insect-

pollinated and wind-dispersed species in a heterogeneous landscape, since both vectors 

are limited by geographic distance. Based on my research, it appears evident that 

geographic distance alone is not a reliable indicator of genetic isolation. This conclusion 

is supported by a recent review of 70 studies that identified geographic distance as a 

driver of gene flow in only 20% of studies of a variety of taxonomic groups, while 37% 

of studies found evidence that the environment determined gene flow (Sexton et al. 

2014). However, it is simplistic to expect that absolute distance would affect gene flow 

uniformly. Dispersal vectors of pollen and seeds differ significantly among species. 

Even relatively short distances may constitute a significant geographic barrier to species 

with limited mobility such as invertebrates, while vertebrates, particularly birds, may be 

able to distribute seeds over much greater distances (Viana et al. 2013). 

Based on my findings, genetic diversity was not associated with disjunction, and average 

pairwise genetic differentiation was greater for disjunct populations of A. parviflora and 

D. integrifolia. In addition to the measure of disjunction used here, actual genetic 

isolation must be assessed through the evaluation of dispersal and connectivity among 

populations, for example, by assessing the seed shadow of the two wind-dispersed 



 

 

 

99 

species. 

Natural fragmentation was not assessed in this study, and there was no clear pattern in 

genetic diversity associated with the relatively recent human disturbance that was 

evident at some sites. Genetic differentiation was somewhat greater in undisturbed 

populations of two of the three species (A. parviflora and D. integrifolia). However, the 

effects of habitat fragmentation may only be detectable in population genetic structure 

after many generations (Ellstrand 1992), which, in the long-lived species used in this 

study, may be hundreds of years. However, the study was not designed to test the effects 

of disturbance and fragmentation, as the undisturbed sites were primarily found in 

protected areas; this may have confounded the findings.  

The absence of simple genetic patterns based on distance and isolation at rear range 

edges that include disjunct populations suggests complex interactions of physical, 

biological, and temporal factors that influence gene flow, or the significance of unknown 

factors not addressed in this study. My findings indicate complex genetic patterns for the 

three study species, presumably resulting from a history of gene flow among 

populations. Simple predictors may not exist, because influences of interactions among 

factors (e.g., distance, dispersal ability, habitat fragmentation, landscape heterogeneity, 

founder events, and local adaptation) on gene flow are likely to be species-specific 

(Durka et al. 2016), causing different levels of isolation even among populations of the 

same species in similar range-edge locations.  
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While some patterns suggest an association of disjunction with genetic differentiation, 

no strong predictor of genetic variability patterns in disjunct populations has emerged. 

Two approaches may aid in addressing knowledge gaps. First, further research into 

connectivity among populations could aid in identifying limits to dispersal of the species 

within the landscape. Second, further research on the history of the species and whether 

a disjunct population might be a relict, can help identify potentially genetically unique 

populations. Low sample size was a weakness of this study. Future studies should 

include larger sample sizes (of individuals per population, and number of populations), 

across a wider geographical range to provide a more reliable estimate of genetic 

diversity, a more accurate assessment of unique alleles (private bands) and a more 

complete context against which to compare rear-edge disjunct populations.  

2.6 Conservation implications and future research 

The results of my research contribute considerably to our understanding of the 

complexity of evaluating the conservation significance of disjunct populations at the rear 

range edge. My results do not show a trend of declining genetic diversity and increasing 

genetic differentiation at the edge of the range in disjunct populations of Anemone 

parviflora, Dryas integrifolia or Vaccinium uliginosum, and provide no indication that 

these populations warrant special conservation attention at their southern range limits. 

Population genetic structure results did not confirm that they are relict populations even 

though some unique bands were identified. However, these populations have other 

values that should be considered when making management decisions. Anemone 
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parviflora and D. integrifolia have an extensive range. It is possible that adaptation to 

local conditions has occurred at these or other disjunct sites. Future research should also 

address the question of whether disjunct populations are adapted to local conditions as 

many southerly genotypes have greater tolerance for warmer conditions than genotypes 

further north. Local adaptation could be assessed through common garden experiments 

using plants (or seeds) from different locations within the range. Loci that are involved 

in adaptation could be assessed using AFLPs or other marker systems such as single 

nucleotide polymorphisms (SNP's) and microsatellites, which are co-dominant and could 

provide more information than the dominant AFLPs (Schoville et al. 2012). Limiting 

factors for these disjunct populations should be assessed, including levels of isolation 

and gene flow among disjunct populations. Further, limits to seedling establishment in 

these disjunct populations should be evaluated.
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Tables 

Table 2.1. Locations of populations of three species sampled for genetic analysis at each species rear edge in Atlantic Canada. 

Population Sampling locality1 Latitude Longitude Habitat description 
Torngat Arctic Labrador 58.45014 -62.79855 Arctic 
Nain Arctic Labrador 56.53336 -61.70570 Arctic 
Burnt Cape Burnt Cape Ecological Area, Newfoundland 51.57807 -55.74773 Coastal barrens 
Cooks Harbour Newfoundland, Cooks Harbour 51.54683 -55.92718 Coastal barrens 
Sandy Cove Newfoundland, Sandy Cove 51.34189 -56.68501 Coastal barrens 
Port-au-Choix Port-au-Choix NHS, Newfoundland 50.70065 -57.37788 Coastal barrens 
Bellburns Newfoundland, Bellburns 50.38265 -57.52446 Coastal barrens 
Tablelands Gros Morne NP, Newfoundland 49.47649 -57.97619 Serpentine Tablelands 
Mount Logan Parc National de la Gaspésie, Quebec 48.89182 -66.63934 Boreal-alpine 
Wilson Brook Wilson Brook PNA, New Brunswick 45.86005 -64.67611 Boreal-temperate 
Restigouche Restigouche River, New Brunswick 47.88178 -67.24086 Boreal-temperate 

 

1  NHS = national historic site, NP = national park, PNA= protected natural area  

 

 

 

 



 

 

 

103 

 
Table 2.2. Metrics of Anemone parviflora (AP), Dryas integrifolia (DI) and Vaccinium uliginosum (VU) populations sampled for 
genetic analysis. Range location: populations were grouped as one of three categories: center, range edge, disjunct1; distance from 
range edge, with edge identified as 0 km; habitat area represents the estimated area occupied by each population; population size is 
given as approximate number of ramets or plants within the area occupied2; disturbance level refers to recent and historic 
anthropogenic disturbance3. 
 

Population Species Range location Distance from 
edge (km) 

Habitat 
area (km2) 

Population 
size 

Disturbance 
level 

Burnt Cape AP edge 182 5 5000 recovering 
Cooks Harbour AP edge 171 5 5000 disturbed 
Sandy Cove AP edge 121 5 5000 disturbed 
Port-au-Choix AP edge 36 5 5000 recovering 
Bellburns AP edge 0 5 5000 disturbed 
Tablelands AP disjunct -100 0.5 1000 undisturbed 
Wilson Brook AP disjunct -735 0.5 1500 undisturbed 
Restigouche AP disjunct -755 0.5 2000 undisturbed 
Torngat DI center 963  100000 undisturbed 
Burnt Cape DI edge 182 5 100000 undisturbed 
Cooks Harbour DI edge 171 5 100000 disturbed 
Sandy Cove DI edge 121 5 100000 disturbed 
Port-au-Choix DI edge 36 5 100000 recovering 
Bellburns DI edge 0 5 100000 disturbed 
Tablelands DI disjunct -100 0.5 5000 undisturbed 
Mount Logan DI disjunct -676 0.5 3000 undisturbed 
Wilson Brook DI disjunct -735 0.5 50000 undisturbed 
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Population Species Range location Distance from 
edge (km) 

Habitat 
area (km2) 

Population 
size 

Disturbance 
level 

 
Torngat VU center 1044 >5 >1000 undisturbed 

Nain VU center 821 >5 >1000 undisturbed 
Burnt Cape VU edge 282 5 1000 recovering 
Cooks Harbour VU edge 271 5 1000 disturbed 
Sandy Cove VU edge 221 5 500 disturbed 
Port-au-Choix VU edge 136 5 500 recovering 
Bellburns VU edge 100 5 500 disturbed 
Tablelands VU edge 0 1 500 undisturbed 
Mount Logan VU disjunct4 -576 5 500 undisturbed 

    

1 Range locations: (1) center - where populations are common and continuous (based on range maps and occurrence records) and gene 
flow is presumed (between-population distance of 0–40 km, no environmental barriers apparent); (2) range edge - where habitat 
remains continuously distributed, but is limited, and natural populations are expected to experience limited gene flow (some barriers, 
and / or 40–100 km apart); (3) disjunct - populations are geographically and presumably environmentally isolated, and over 100 km 
from a continuous range edge. 
2 Population size: is a coarse extrapolation of the # of plants or ramets observed in the sampling area over the habitat available. 
3 Disturbance categories, based on visual evidence of recent and historic activities that would have caused habitat fragmentation: 
undisturbed populations were presumed not to have experienced habitat fragmentation events in the last 50 to 100 years; recovering 
populations experienced activities, such as surface vegetation removal for road building in Newfoundland, in the last 50-100 years, but 
the activity was clearly stopped; disturbed populations show evidence of continuing habitat fragmentation impacts, for example gravel. 
4 Additional populations are found within 100 km of this site, although they were not sampled.  
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Table 2.3. Amplified Fragment Length Polymorphism (AFLP) primer pairs, total number of bands scored, bands retained, error rates 
and percent replication per primer pair for genetic analysis in Anemone parviflora, Dryas integrifolia and Vaccinium uliginosum. 

Species 

Primer combinations 
(restriction enzyme – selective 

nucleotide sequence) 

Total # of bands 
scored before 

analysis & 
removal of 

unreliable data 

Total # of 
bands 

retained 

Final # of 
bands, 

monomorphic 
bands removed 

% error 
rate 

% 
replication 

Anemone 
parviflora 

EcoR1-ACA-HEX; Mse1-CAA 170 73 49 2.67% 63% 
EcoR1-ACA-HEX; Mse1-CAT 186 132 117 3.11% 31% 

 Totals 356 205 166 2.89% 47% 
Dryas 
integrifolia 

EcoR1-ACT-FAM; Mse1-CTG 160 72 72 2.66% 21% 
EcoR1-AAG-FAM; Mse1-CTA 145 114 114 1.90% 42% 

 EcoR1-ACT-FAM; Mse1-CAT 122 74 68 2.23% 32% 
 Totals 427 260 254 2.26% 32% 
Vaccinium 
uliginosum 

EcoR1-ACT-FAM; Mse1-CTG 140 61 52 3.24% 13% 
EcoR1-ACT-FAM; Mse1-CTA 125 71 66 2.63% 15% 

 EcoR1-AAG-FAM; Mse1-CAG 165 121 108 2.16% 19% 
 Totals 430 253 226 2.71% 15% 

 

1 For all primer pairs, the EcoR1 primer was fluorescently labeled. 
2 Error rates were calculated according to Bonin et al. (2004, 2007), Pompanon et al. (2005) and Crawford et al. (2012).  
3 Replication of AFLP fingerprints according Bonin et al. (2004) and Pompanon et al. (2005). 
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Table 2.4. Measures of genetic variation calculated within species and populations using binary matrices in the indicated programs. 
Only %P is presented in the results. 
 

Measure Calculation Acronym Software Reference 
Percent % polymorphic 

bands  
Percentage of variable bands in a population %P GenAlEx v. 

6.502 
(Peakall & Smouse 

2006, 2012) 
Percent polymorphic 

loci at 1% 
Percentage of variable bands in a population, where 

the minimum frequency of the band is 1% 
PLP 1% AFLPDiv (Petit 2005) 

Total number of private 
bands 

No. of bands unique to a single population PB GenAlEx v. 
6.502 

(Peakall & Smouse 
2006, 2012) 

Shannon’s Information 
Index 

I = -1* (p * Ln (p) + q * Ln(q)), p=frequency of “A” 
allele, q=frequency of the “a” allele 

I GenAlEx v. 
6.502 

(Peakall & Smouse 
2006, 2012) 

Effective number of 
alleles 

Number of equally frequent alleles required to reach a 
given level of gene diversity, e, with Ne =1 / (p2 + q2), 

AE GenAlEx v. 
6.502 

(Peakall & Smouse 
2006, 2012) 

Expected 
heterozygosity 

Proportion of heterozygosity expected under random 
mating, HE =2 * p * q 

He GenAlEx v. 
6.502 

(Lynch & Milligan 
1994, Peakall & 
Smouse 2006, 

2012) 
Allelic richness Number of alleles calculated with and without 

rarefaction 
Pb(4)1 AFLPDiv (Coart et al. 2005) 

Gene diversity Average proportion of pairwise differences between 
individuals with confidence intervals based on 

bootstrapping across markers 

D(4) AFLPDat, (Ehrich 2006) 
 

1 Only the rarefied estimate, Pb(4 or 2), is included here. Rarefaction controls for differences in observed allelic richness that are due 
to differences in sampling effort, i.e., larger sample sizes have more potential to uncover a greater number of alleles (Reisch 2008) 
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Table 2.5. Mean population genetic diversity (%P) and pairwise differentiation (Φ'PT) for sampled populations of Anemone parviflora, 
Dryas integrifolia and Vaccinium uliginosum, listed from north to south; n = number of individuals sampled per population; mean %P 
percent polymorphic loci, within population genetic variation; mean Φ'PT = an analogue of FST, genetic differentiation among 
population, calculated as mean per population. See text for details on metric calculations. Lines separate central, edge and disjunct 
populations (see Table 2.2). 

  Anemone parviflora Dryas integrifolia Vaccinium uliginosum 
Population  n %P Mean Φ'PT n %P Mean Φ'PT n %P Mean Φ'PT 
Torngat   - - 9 70% 0.254 11 70% 0.009 
Nain   - - 

 
- - 10 58% 0.014 

Burnt Cape  4 37% 0.134 6 56% 0.083 7 49% 0.005 
Cooks Harbour  6 39% 0.164 6 39% 0.085 4 39% 0.007 
Sandy Cove  2 34% 0.087 4 33% 0.093 7 51% 0.016 
Port-au-Choix  5 67% 0.098 10 45% 0.131 10 66% 0.005 
Bellburns  2 33% 0.183 10 32% 0.191 10 56% 0.028 
Tablelands  4 46% 0.127 9 31% 0.203 11 64% 0.016 
Mount Logan   

- - 8 65% 0.179 10 65% 0.009 
Restigouche  4 10% 0.323   

- - - - 
Wilson Brook  8 58% 0.159 11 45% 0.198 - - - 
Mean   41% 0.159  46% 0.157  56% 0.012 
SD   16% 0.07  14% 0.06  9% 0.001 
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Table 2.6. Partitioning of genetic variation in Anemone parviflora, Dryas 
integrifolia, and Vaccinium uliginosum determined by analysis of molecular 
variance (AMOVA). The analysis used a genetic distance (calculated from AFLP 
genotypes) by geographic distance (km) matrix. Regions were defined as centre, 
edge and disjunct as described in Table 2.2. 

 

 
Anemone 
parviflora 

Dryas 
integrifolia 

Vaccinium 
uliginosum 

Source df % df % df % 
Among regions 1 1% 2 7% 2 0% 
Among populations 
within regions 6 15% 6 14% 6 1% 
Within populations 27 84% 64 79% 71 99% 
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Table 2.7. Pairwise genetic differentiation using GenAlEx v. 6.502 (Peakall & Smouse 2006, 2012) (Φ'PT) for (a) Anemone parviflora, 
(b) Dryas integrifolia, and (c) Vaccinium uliginosum populations sampled between Labrador and each species' southern range limit in 
New Brunswick, Canada. Φ'PT, an analog of FST, (shaded) represents the coefficient of population differentiation data (< 0.05 = little 
differentiation, 0.05–0.15 = moderate genetic differentiation, 0.15–0.25 = great genetic differentiation, > 0.25 = very great genetic 
differentiation). P-values (above the diagonal, uncorrected) for tests of significance (Ho: Φ'PT = 0 or no differentiation among pairs) 
were based on 999 permutations; * = significant at P <  0.05. Populations are listed from north to south.  
 

Range 
group Population Burnt 

Cape 
Cooks 
Harbour 

Sandy 
Cove 

Port-au-
Choix Bellburns Tablelands Restigouche Wilson 

Brook 

 (a) Anemone parviflora 
       

 Edge Burnt Cape  0.096 0.389 0.079 0.072 0.270 0.026 0.002  

 
Cooks Harbour 0.078  0.133 0.012 0.080 0.026 0.007 0.001  

 
Sandy Cove 0.020 0.099  0.435 0.666 0.382 0.067 0.105  

 
Port-au-Choix 0.107 0.129* 0.000  0.565 0.037 0.033 0.009  

 
Bellburns 0.217 0.263 0.000 0.000  0.058 0.067 0.038  

Disjunct Tablelands 0.026 0.126* 0.000 0.098* 0.140  0.032 0.002  

 
Restigouche 0.342* 0.314* 0.374 0.230* 0.454 0.329*  0.003  

 
Wilson Brook 0.147* 0.141* 0.115 0.125* 0.205* 0.169* 0.215*   
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(b) Dryas integrifolia Torngat Burnt 
Cape 

Cooks 
Harbour 

Sandy 
Cove 

Port-au- 
Choix Bellburns Tablelands Mount 

Logan 
Wilson 
Brook 

Centre Torngat  0.051 0.008 0.025 0.003 0.001 0.001 0.049 0.001 
Edge Burnt Cape 0.119*  0.436 0.369 0.235 0.002 0.001 0.386 0.009 

 Cooks Harbour 0.243* 0.000  0.373 0.319 0.006 0.004 0.052 0.076 

 Sandy Cove 0.221* 0.000 0.000  0.277 0.004 0.013 0.067 0.089 

 Port-au-Choix 0.329* 0.032 0.000 0.028  0.002 0.001 0.021 0.034 

 Bellburns 0.323* 0.177* 0.096* 0.102* 0.181*  0.015 0.001 0.001 
Disjunct Tablelands 0.327* 0.197* 0.108* 0.097* 0.213* 0.046*  0.001 0.001 

 Mount Logan 0.131* 0.000 0.131 0.144 0.152* 0.329* 0.352*  0.009 

 Wilson Brook 0.340* 0.137* 0.098 0.151 0.114* 0.271* 0.283* 0.190*  

           (c) Vaccinium      
uliginosum Torngat Nain Burnt 

Cape 
Cooks 

Harbour 
Sandy 
Cove 

Port-au-
Choix Bellburns Tablelands Mount 

Logan 
Centre Torngat  0.350 0.452 0.453 0.190 0.473 0.010 0.087 0.370 

 Nain 0.004  0.243 0.204 0.174 0.416 0.026 0.078 0.312 
Edge Burnt Cape 0.001 0.010  0.466 0.469 0.513 0.062 0.289 0.459 

 
Cooks Harbour 0.000 0.020 0.001  0.258 0.496 0.234 0.449 0.476 

 
Sandy Cove 0.012 0.016 0.000 0.015  0.467 0.003 0.014 0.470 

 
Port-au-Choix 0.000 0.003 0.000 0.000 0.000  0.029 0.281 0.240 

 
Bellburns 0.030* 0.027* 0.024 0.014 0.046* 0.024*  0.027 0.001 

 
Tablelands 0.018 0.020 0.007 0.002 0.038* 0.007 0.023*  0.149 

Disjunct Mount Logan 0.003 0.008 0.000 0.000 0.000 0.008 0.037* 0.013  
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Figures 

  

 

 

 

 

 

 

 

 

 

 

 
 
 
 

Figure 2.1. Sampling locations of Anemone parviflora (AP), Dryas integrifolia (DI) and 
Vaccinium uliginosum (VU) in Eastern Canada used in this study. Number of samples 
included in genetic analysis per species are provided in brackets for each site. See Tables 
2.1 and 2.2 for descriptions of the populations sampled. All populations occur within 
either the Eastern Temperate Forest eco-region of the Bay of Fundy or the Arctic 
Cordillera eco-region (CEC 2009), and were classified according to intraspecific range-
edge proximity into (1) central populations, (2) range-edge populations, (3) disjunct 
populations (Tables 2.1 and 2.2). Central populations are identified as those populations 
that occur in the range where the species is common based on range maps and 
occurrence records (pers. com ACCDC 2017). 
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Figure 2.2. Sampling of species at Port-au-Choix, Newfoundland with patches of Dryas 
integrifolia visible in the foreground along the limestone gravel substrate. A transect 
(white line) was laid for the purpose of estimating population size. See text for details. 
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(a)  DNA extraction    (b) Pre-amplification    (c) Selective amplification 
Lanes 
  1           2           3                      1   2   3   4  5   6  7                    1   2   3   4   5   6  7  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3. Sample AFLP results demonstrating the success of the AFLP protocol at 
each step. (a) DNA extraction: the two first lanes show high molecular weight DNA to 
be used in AFLP genotyping, and lane 3 represents the 1kb molecular weight ladder. (b) 
Pre-amplification: lanes 2, 3 and 5 show successful fragment pre-amplification with a 
wide range of fragment sizes (in contrast to failed amplifications in lanes 1 and 4); lane 
6 shows a 1kb ladder for comparison. (c) Final selective amplification: all sample lanes 
represent successfully amplified fragments with visible band sizes between 50 and 2000 
bp; lane 2 shows the DNA molecular weight ladder. Arrows indicate the 1kb fragment 
on each molecular weight marker. 
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Figure 2.4. Genetic population structure of Anemone parviflora. Upper panel (a), 
principal coordinate analysis (PCoA) of genetic distances (n = 35 A. parviflora 
individuals from eight populations). Axis one explained 29.40% of variation and axis 
two explained 18.26% of variation, for a cumulative 47.66% variation explained. Lower 
panel (b), centroids of mean scores on axes 1 and 2 of the PCoA, with ellipses indicating 
± SE based on genetic distances. See Fig. 2.1 for population geographic locations.  
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Figure 2.5. Genetic population structure of Dryas integrifolia. Upper panel (a), principal 
coordinate analysis (PCoA) of genetic distances (n = 73 D. integrifolia individuals from 
nine populations). Axis one explained 37.16% of variation and axis two explained 
24.96% of variation, for a cumulative 62.14% variation explained. Lower panel (b), 
centroids of mean scores on axes 1 and 2 of the PCoA, with ellipses indicating ± SE 
based on genetic distances. See Fig. 2.1 for population geographic locations.  
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Figure 2.6. Distribution of individual assignment to putative ancestral clusters (K = 3) 
determined from STRUCTURE analysis within and among populations sampled for this 
study (Pritchard et al. 2000, Pritchard et al. 2010). Upper panel (a), proportional cluster 
memberships within the eight Dryas integrifolia populations. The pie charts 
superimposed on the map show the average proportions of cluster memberships among 
the individuals sampled in each population. Lower panel (b), STRUCTURE analysis 
results for assignment of genotypes to three putative ancestral lineages (indicated by 
shade) of sampled populations of Dryas integrifolia. Each vertical bar represents one 
individual (n = 73). Shading indicates the proportion of an individual's genotype that is 
assigned to each lineage.  
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Figure 2.7. Genetic population structure of Vaccinium uliginosum. Upper panel (a), 
principal coordinate analysis (PCoA) of genetic distances (n = 80 V. uliginosum 
individuals from eight populations). Axis one explained 4.83% of variation and axis two 
explained 3.97% of variation, for a cumulative 8.80% variation explained. Lower panel 
(b), centroids of mean scores on axes 1 and 2 of the PCoA, with ellipses indicating ± SE 
based on genetic distances. See Fig. 2.1 for population geographic locations.  
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Figure 2.8. Relationship (line) between genetic distance and geographic distance 
between individuals using the standard Mantel analysis in GenAlEx (Peakall & Smouse 
2006, 2012). Anemone parviflora (a), n = 35, P = 0.325), Dryas integrifolia (b), n = 73, 
P < 0.001), and Vaccinium uliginosum (c), n = 80, P = 0.010), sampled in seven, nine 
and eight populations, respectively across the species' southern geographic range. 

(a) 

(b) 

(c) 
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Figure 2.9. Relationship between geographic distance to range edge (km) on the x-axis 
and panel (a), mean population genetic variation (%P) on the y-axis for seven 
populations of Anemone parviflora, (F1,6 = 0.22, P = 0.652), dashed line (ns); and panel 
(b), mean population genetic differentiation (Φ'PT) on the y-axis (F1,6 = 4.64, P = 0.075). 
Triangles – edge: Burnt Cape, Cooks Harbour, Sandy Cove, Port-au-Choix, Bellburns; 
circles – disjunct: Tablelands, Restigouche, Wilson Brook.  
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Figure 2.10. Relationship between geographic distance to range edge (km) and panel (a), 
mean population genetic variation (%P) on the y-axis for eight populations of Dryas 
integrifolia (excluding the core population at Torngat, F1,6 = 1.55, P = 0.260); dashed 
line (ns); and panel (b), mean population genetic differentiation (Φ'PT) on the y-axis 
(excluding the core population at Torngat, F1,6 = 5.58, P = 0.056). Square – central: 
Torngat; triangles – edge: Burnt Cape, Cooks Harbour, Sandy Cove, Port-au-Choix, 
Bellburns; circles – disjunct: Tablelands, Mount Logan, Wilson Brook. Because genetic 
differentiation can be positively associated with maximum geographic distances (Reisch 
& Bernhardt-Römermann 2014), analyses excluded central populations. 
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Figure 2.11. Relationship between geographic distance to range edge (km) and panel (a), 
mean population genetic variation (%P) on the y-axis for 8 populations of Vaccinium 
uliginosum (excluding the core populations at Torngat and Nain, F1,5 = 3.5, P = 0.120); 
dashed line (ns); and panel (b), mean population genetic differentiation (Φ'PT) on the y-
axis (excluding the core population at Torngat, F1,5 < 0.001, P = 0.978), dashed line (ns). 
Squares – central: Torngat, Nain; triangles – edge: Burnt Cape, Cooks Harbour, Sandy 
Cove, Port-au-Choix, Bellburns, Tablelands; circle – disjunct: Mount Logan. Because 
genetic differentiation can be positively associated with maximum geographic distances 
(Reisch & Bernhardt-Römermann 2014), analyses excluded central populations. 

a) 

b) 
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Figure 2.12. Association of genetic diversity and differentiation with disjunction for 
three species, Anemone parviflora (AP), Dryas integrifolia (DI) and Vaccinium 
uliginosum (VU). Panel (a), genetic diversity in %P (mean ± SE, ANOVA and 
TukeyHSD) for continuous range edge populations (edge & center) (0.49 ± 0.14) versus 
disjunct populations (0.46 ± 0.20) as defined in text. Genetic diversity did not differ 
significantly between disjunct, and edge and center populations (F1,21 = 1.21, P = 0.285). 
Panel (b), genetic differentiation in Φ'PT (mean ± SE) for continuous range edge 
populations (0.08 ± 0.08) versus disjunct populations (0.17 ± 0.09) as defined in text. 
Significant differences were detected among species (F2,21 = 25.70, P < 0.001) and 
disjunction (F1,21 = 6.03, P = 0.023).  

a) 

b) 
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Figure 2.13. Association of genetic diversity and differentiation with disturbance for 
three species, Anemone parviflora (AP), Dryas integrifolia (DI) and Vaccinium 
uliginosum (VU). Panel (a), genetic diversity in %P (mean ± SE, ANOVA, TukeyHSD) 
for all populations of the three species for undisturbed sites (0.53 ± 0.19), recovering 
sites (0.49 ± 0.13) and disturbed sites (0.39 ± 0.07), disturbance as defined in text. No 
significant differences were detected among disturbance levels (F2,21 = 3.77, P = 0.066); 
Panel (b), genetic differentiation in Φ'PT (mean ± SE) for all populations and undisturbed 
sites (0.14 ± 0.11), recovering sites (0.09 ± 0.07) and disturbed sites (0.08 ± 0.06). 
Genetic differentiation was significantly associated with disturbance (F2,21 = 6.86, P = 
0.016), and differed significantly with species (F2,21 = 25.70, P < 0.001). 

b) 

a) 
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Figure 2.14. Map showing proposed colonization routes for Dryas integrifolia across 
Eastern North America after the Last Glacial Maximum (LGM). Grey arrows show 
colonization routes after LGM hypothesized by Tremblay and Schoen (1999); black 
arrows show suggested re-colonization routes inferred from results of the present study. 
Dashed line indicates maximum ice cover during LGM according to Paulen and 
McClenaghan (2013) and Shaw (2006). 
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Chapter 3 - Microclimate and demography in rear-edge populations of 

two arctic-alpine species (Dryas integrifolia and Anemone parviflora) at 

Wilson Brook Protected Natural Area, New Brunswick  

Abstract 

If North American mean temperatures change by 1.1 to 5.6 °C over the next 80 years as 

predicted, populations at the edges of species' ranges, particularly the rear edges, may be 

at risk of extirpation. I experimentally evaluated the response of rear-edge disjunct 

populations of two arctic-alpine species (Dryas integrifolia and Anemone parviflora) to 

altered temperature regimes. The microclimate at Wilson Brook Protected Natural Area 

was compared to (1) regional climate in New Brunswick and Newfoundland; (2) a 

nearby site without the target species; and (3) a more distant Newfoundland site further 

north within the range. Population dynamics  were assessed under ambient and 

experimental conditions over three years (2011–2013). The microclimate at Wilson 

Brook was similar to the New Brunswick regional climate when compared over three 

years, and was similar to the microclimate at a site further north, providing indirect 

evidence that the site has a local cooling effect, since local microclimate is expected to 

be warmer than the regional climate. In contrast to expectations, Open Top Chambers 

(OTCs) significantly lowered microclimate maximum daily temperature in one year, and 

fewer high temperature events were recorded in OTCs over the three years. This 

variation in extreme temperature had no impact on population growth. These data 
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suggest that these populations may not be sensitive to temperature variability within the 

ranges tested, and in the timeframes observed. Other factors that influence the local 

habitat, such as the instability and type of substrate (gypsum) or biotic interactions, may 

play important roles in the persistence of these populations. For conservation purposes, 

these populations appear to be secure.  
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3.1 Introduction 

Geographical range limits (also termed range edges or peripheries) are areas in which a 

species' dispersal may be limited, and where the species may be at the limit of its range 

of ecological tolerance (Hampe & Jump 2011). At range limits, species may experience 

greater stress (e.g., increased drought, competition, or temperature), making them more 

vulnerable to change than central populations. In addition, edge populations are 

generally small, isolated and located in specialized habitats (Crawford 2008). Range-

edge populations are often characterized by decreased seed production and seedling 

recruitment (Jump & Woodward 2003, Tomback et al. 2005, Tsaliki & Diekmann 2009, 

Moeller et al. 2012), by lower growth rates and reduced fitness (Angert 2006, Salzer & 

Gugerli 2012, Vaupel & Matthies 2012), higher inbreeding (Michalski & Durka 2007) 

and selfing (Mimura & Aitken 2007, Levin 2012). However, there is some ambiguity in 

these patterns. In some range-edge populations, seed dispersal and plant performance 

have been found to be similar to, or higher than those of central populations (Darling et 

al. 2007, Wagner et al. 2011, Pironon et al. 2015).  

At leading range edges, individuals are recruited, and the range can advance. In contrast, 

at rear range edges (also termed warm-edge limits), recruitment is limited, and the range 

is stable or contracting (Woolbright et al. 2014) because populations are generally more 

isolated at the rear edge than at the leading edge. Because rear range-edge populations 

are at greatest risk of extirpation (Lesica & Allendorf 1995, Hampe & Petit 2005), they 

are of significant conservation concern. The particular concern is that rear-edge 
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populations may be older, possibly refugia (i.e., populations that persisted through 

glaciations) or relicts (i.e., populations that persisted in formerly glaciated areas after 

deglaciation) that have retained ancient genotypes (Alsos et al. 2009, Hampe & Jump 

2011). Edge populations may contain locally adapted genotypes that do not occur 

elsewhere in the range (Hampe & Petit 2005, Woolbright et al. 2014) due to the 

contemporary uniqueness of the habitat at a rear-edge; they may therefore be valuable 

for biodiversity conservation (Santamaria et al. 2003, Busch 2005, Vergeer & Kunin 

2013). For that reason, evaluating the possible responses of such populations to climate 

change is essential. 

The effects of climate change are already evident in many plant species across the 

northern hemisphere. Assessments of species' range responses to climate change fall into 

two broad approaches, each with its strengths and weaknesses. Those focused on 

modeling species' distributions include ecological niche models projecting future range 

shifts (Thuiller et al. 2008, Valladares et al. 2014), bioclimatic models (Beaumont et al. 

2007), and dynamic global vegetation models (Neilson et al. 2005). A review of 29 

studies (Buckley & Kingsolver 2012) suggests that such models are frequently poor 

predictors of individual range shifts as highlighted in. Empirical studies include 

assessments of phenological responses to temperature changes using data collected over 

10 to 20 years (Parmesan 2007). For example, phenological changes and shifts in some 

species' ranges have occurred, with range contractions at the rear edge and expansions at 

the leading edge (Parmesan & Yohe 2003, Thomas et al. 2004, Parmesan 2006, 2007, 
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Sparks et al. 2011, Provan & Maggs 2012, Field et al. 2014, Settele et al. 2014, Mason et 

al. 2015). Short and long-term warming experiments have assessed changes in 

demography and life history over time (Chapin & Shaver 1996, Hudson et al. 2011, 

Klady et al. 2011, Elmendorf et al. 2012). However, generalization across taxa is limited 

because many experiments are small-scale and short-term (Buckley & Kingsolver 2012, 

Elmendorf et al. 2012). Populations at leading edges in higher altitudes and particularly 

at high latitudes have received considerable attention because they may play a critical 

role in facilitating range shifts (Rehm et al. 2015). While detrimental impacts of 

warming temperatures have been predicted for rear-edge populations (Hampe & Petit 

2005), direct tests are limited.  

Temperature and water balance are hypothesized to be the most significant drivers of 

changes to population demography at the rear range edge (Hampe & Jump 2011, Cahill 

et al. 2014). Temperature may arguably be of greatest concern because it impacts the 

rates of all biological and chemical processes (Shaver et al. 2000), including water 

uptake and loss. Previous research on the effect of climate change on rear-edge 

populations has focused on well-studied regions such as the Mediterranean (Hampe 

2005), or on woody species (Vicente-Serrano et al. 2015), but is generally limited. For 

example, higher mortality rate in trees in temperate forests at their southern limits in 

California have been attributed to temperature and drought (Van Mantgem & 

Stephenson 2007). Decline in populations of Eucalyptus wandoo in Australia was shown 

to be in response to increased drought (Brouwers et al. 2013). Decline in abundance of 
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Abies alba at its southern limits in Europe has been attributed to reduced water 

availability (Gazol et al. 2015). Long-term growth decline of Pinus sylvestris in the 

Mediterranean was correlated with increased May-July diurnal temperatures (Büntgen et 

al. 2013) in a study of growth rings, and changes in regional warming and water balance 

have led to mortality at the southern range edge of Aloe dichotoma (Foden et al. 2007). 

However, some range-edge populations may also be better adapted to drought than 

central populations (Lázaro-Nogal et al. 2016). In addition to local adaptations in rear-

edge populations, climate refugia at the rear edge of a species' range may allow 

persistence through periods of unfavorable regional climates (Dobrowski 2011). It has 

long been known that microclimates vary considerably from regional climates (usually 

standardized measurements 2 m above the ground), and that many factors, such as 

topography, slope, aspect, cover, presence of water and cold air pooling, will influence 

those microclimates (Geiger et al. 2009). Thus, local site characteristics may decouple 

the local microclimate from regional trends (Rull 2009, Hannah et al. 2014, Hylander et 

al. 2015). Such sites may act as buffers to climate changes (Hampe & Jump 2011, 

Růžička et al. 2012) and allow populations to persist, at least until regional climate 

changes result in a modification of the microclimate.   

Arctic-alpine species may provide good models for assessing the effects of climate 

warming on rear-edge populations, because they are adapted to low temperature 

regimes, desiccation during the dormant season, and to low rates of precipitation 

(Billings & Mooney 1968). Populations at warm-range limits can thus be expected to 
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respond negatively to climate warming.  

Arctic-alpine species tend to have broad ecological niches (Crawford 2008), which 

could buffer them from some climate change impacts in most parts of their ranges 

(Breen et al. 2014). In addition, ecological studies have demonstrated the occurrence of 

local adaptation along latitudinal and altitudinal gradients inhabited by many arctic-

alpine species, suggesting a strong potential for differentiation across their ranges that 

may make some populations more tolerant to future conditions (Mooney & Billings 

1961, Leimu & Fischer 2008, Pellissier et al. 2013, Read et al. 2014, Souther et al. 

2014). Arctic-alpine species have also persisted through historical climate change (e.g., 

during the Holocene (Birks 2008)), indicating high tolerance and effective adaptations to 

climate variability. This tolerance suggests that they may be resilient to climate change 

(Breen et al. 2014). However, indirect impacts may affect species in unexpected ways. 

For example, vegetative growth of two arctic-alpine species (Silene acaulis, Polygonum 

viviparum) at their southern range limits revealed high resilience and tolerance to 

temperature variability, but their lower survival and recruitment may cause population 

declines over the long term (Doak & Morris 2010). In an example of an indirect effect, 

high temperatures increased growth of tall species which negatively affected some 

disjunct, southern arctic-alpine populations of Arnica angustifolia in Europe 

(Jäkäläniemi 2011). A number of ecological studies have evaluated characteristics of 

plant life history and growth in populations of arctic-alpine species at their southern 

range limit at Mt. Washington (New Hampshire). Those studies assessed phenology, 
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plant growth, microenvironment (including temperature) and photosynthesis (Hadley & 

Bliss 1964), plant productivity (Bliss 1966), carbohydrate cycle (Fonda & Bliss 1966), 

and plant reproduction (Bell & Bliss 1980). Only one warming experiment included a 

rear range-edge alpine population of Dryas octopetala in western USA, and showed a 

positive response of plant performance to warming (Welker et al. 1997). In summary, 

while some populations of arctic-alpine species at their southern range limit may be 

adapted to current conditions, rapid climate warming may put them at risk in the longer 

term. 

The focus of the present study is a protected area at Wilson Brook, New Brunswick, 

Canada. Disjunct populations of several arctic-alpine species, including Anemone 

parviflora and Dryas integrifolia, occur at the rear edge of their geographic ranges at 

this site. Conditions here are thus presumably near the limit of their ecological tolerance. 

It has been hypothesized that Wilson Brook was a climate refugium during the re-

colonization process northwards after the Last Glacial Maximum (LGM), providing a 

microclimate and habitat inhospitable to other species, while supporting arctic-alpine 

species as the surrounding vegetation changed (Clayden 1994). The site is a north-facing 

gypsum cliff along a brook, surrounded by forest. Arctic-alpine species here are thought 

to have been “left behind” during postglacial re-colonization, making them 

contemporary relict populations. It is unknown whether the Wilson Brook site can 

continue to support the populations of arctic-alpine species in the face of climate 

warming. My research objectives were to: (1) assess whether the microclimate at Wilson 
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Brook is locally and regionally distinct as might be expected if it was a climate 

refugium; and (2) experimentally evaluate the association between variation in 

demography and variation in microclimate over three years in three arctic-alpine species 

occurring at Wilson Brook.  

Based on the long-term persistence of the arctic-alpine species, I postulated that the 

microclimate at Wilson Brook would be (a) decoupled from the regional climate 

(specifically, not warmer than the regional climate), (b) similar to sites further north at 

which the same arctic-alpine species occur, and (c) cooler than sites that occur in close 

geographic proximity but which do not host arctic-alpine species. Given that 

microclimate is expected to differ significantly from standardized observations due to 

the influence of boundary layer, slope, aspect, soil, and other factors that influence 

temperature at ground level (Geiger et al. 2009), I expect significantly higher ground-

level temperatures than regional temperatures. In fact, the standardized measurements 

can be 20 °C lower than ground level measurements (Ashcroft & Gollan 2013). To 

address the second objective, I assessed temporal variation in population size as a 

measure of vegetative growth for the target species at Wilson Brook under ambient and 

open top chamber (OTC) conditions. OTCs are an effective and inexpensive 

experimental method to assess the effect of warming on plant growth and phenology 

(Marion et al. 1997, Arft et al. 1999, Shaver et al. 2000, Aronson & McNulty 2009). The 

side panels of these chambers affect wind speed, resulting in a reduction in heat 

dissipation; they permit shortwave energy to enter while preventing longwave energy 
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from leaving. I predicted that population growth would be negatively affected by higher 

temperatures. The OTC experiment was monitored for three years, and similar 

experiments of one to four years have resulted in significant responses in phenology and 

vegetative growth (Arft et al. 1999). The herbaceous perennial A. parviflora was 

expected to show a greater response than the woody perennial D. integrifolia, as would 

be expected according to a meta-analysis of warming experiments carried out in the 

Arctic by (Arft et al. 1999), where herbaceous species showed stronger growth response 

to warming than woody species. 
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3.2 Methods 

3.2.1 Study sites  

Wilson Brook Protected Natural Area (Albert County NB; 45.86005, –64.67611; Fig. 

3.1; hereafter Wilson Brook) is accessible by road and legally protected, permitting only 

limited access to the site. No conservation management strategies are in place to address 

possible effects of future climate change. Wilson Brook (76 ha) includes a crumbling 

north-facing cliff of white gypsum, less than 1 km long and less than 20 m high (to the 

top of the cliff, Fig. 3.2). Gypsum underlies much of the site, but forest is the dominant 

vegetation. The slope of the gypsum cliff (45–75º with some level areas) provides a 

maximum of 10 m wide habitat along mostly the lower edge (Fig. 3.2). The cliff face 

below the plateau is eroding due to seepage water in the summer and the brook at its 

base. Dryas integrifolia and A. parviflora occur on the cliff face, with other shrubby 

species (e.g., Sheperdia canadensis) at the bottom edge extending to the forested 

margin. Trees surround the site on all sides and the location is shaded for much of the 

day. Four arctic-alpine species occur here, within an approximately 150 m x 25 m area: 

White Mountain Avens (Dryas integrifolia), Mountain Goldenrod (Solidago 

multiradiata), Myrtle-leaved Willow (Salix myrtillifolia) and Northern Anemone 

(Anemone parviflora) (Clayden 1994, Clayden 2000). Three of those species (D. 

integrifolia, S. myrtillifolia and S. multiradiata) occur nowhere else in the province, and 

no populations of the four species are known to occur further south in Eastern North 

America (GBIF.org 2016). Dryas integrifolia and A. parviflora were selected based on 
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their availability at a wider range of sites in the Maritimes and were used to evaluate 

whether future warming is likely to affect disjunct rear-edge populations at this site.  

Two additional sites, Port-au-Choix, Newfoundland and Albert Mines, New Brunswick 

were chosen for comparison with Wilson Brook (Fig. 3.1). Port-au-Choix (50.70065, –

57.37788) in northwestern Newfoundland is more than 750 km, or 5 ° north of Wilson 

Brook, and is located on the Limestone Barrens within the southern range edge for the 

two study species. The site is in a protected area accessible to a local field assistant to 

verify data loggers during the season. In contrast, Albert Mines in Albert County, NB 

(45.86443, –64.66719) is approximately 1.5 km from Wilson Brook. The substrate at 

Albert Mines is similar to Wilson Brook but the site is not as shaded, lacks the steep, 

north-facing slopes of Wilson Brook, and the focal species, A. parviflora and D. 

integrifolia have never been reported to occur there. The Wilson Brook – Albert Mines 

comparison was used to assess whether microclimate differs between the two sites, since 

the species are absent at nearby Albert Mines despite seemingly suitable substrate. The 

Wilson Brook – Port-au-Choix comparison was used to assess whether microclimate at 

Wilson Brook is similar to that of western Newfoundland despite its relatively southern 

location, since the study species are present at both sites.  

3.2.2 Study species 

White Mountain Avens (Dryas integrifolia Vahl., Rosaceae, Fig. 1.2) is an evergreen, 

dwarf shrub forming mats up to 17 cm tall in calcareous wet meadows, river terraces, 
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tundra slopes and ridges in the Arctic; it prefers soil with a low organic content. It is 

considered a pioneer species and a poor competitor (Aiken et al. 2007). Dryas 

integrifolia is common and wide-ranging across the northern hemisphere, and in the 

West, extends south into alpine habitats in the Rocky Mountains. In Atlantic Canada, the 

southernmost extent of the species’ distribution occurs at Wilson Brook, wherein the 

single population is disjunct from the nearest continuous range edge by at least 300 km. 

The species is listed as S1 (5 or fewer occurrences or very few remaining individuals) in 

New Brunswick, and S4 (apparently secure) in Quebec and Newfoundland and Labrador 

(NatureServe 2016).  

Northern White Anemone (Anemone parviflora Michx., Ranunculaceae, Fig. 1.3) is a 

perennial herb, which grows to 15 cm tall (2n = 2x = 16). The species is common in the 

lower Arctic with  a circumpolar distribution; it occurs on both calcareous and non-

calcareous soils but seems to prefer calcareous habitats (Aiken et al. 2007). The species 

is listed as S2 (20 or fewer occurrences or very few remaining individuals) in New 

Brunswick, S1 in Nova Scotia, but not ranked elsewhere in Canada (NatureServe 2016). 

The Wilson Brook populations of both species are isolated from the nearest populations 

by at least 300 km. Based on scaling up plant densities in sample plots, the Wilson 

Brook population of D. integrifolia is estimated at > 50,000 ramets (individuals are 

difficult to distinguish due to the species' clonal growth form), and at approximately 

1,000 individuals for A. parviflora. North and south of Port-au-Choix, Newfoundland, 
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populations of both species are more or less continuous, occurring in large patches north 

toward Burnt Cape, and south toward Bellburns (approximately 200 km in total).  

3.2.3 Microclimate variables 

Growing degree days (GDD, derived from temperature data) represents the duration 

during which temperature regimes allow growth to occur (McMaster & Wilhelm 1997). 

For the calculation of GDD, see Appendix 3.1. GDD has been shown to be correlated 

with the northern limits of many woody species (Sykes et al. 1996) and is used widely in 

bioclimatic models of species distributions (Normand et al. 2009). Plant development 

occurs only if GDD exceeds a threshold temperature for a critical number of days 

specific to the species (Grigorieva et al. 2010). In the Arctic, the presumed range center 

of the two species, annual GDD is 198.6 in Iqualuit and 582.2 in Kuujjuaq for the period 

between 1981 to 2010 (Government of Canada 2016).  

Moisture stress increases as the rate of transpiration increases relative to water uptake. 

Water loss from leaves increases as water vapor content of the air declines (Lambers et 

al. 2008), which has been well studied in horticulturally and agriculturally important 

crops. Water vapor pressure deficit (VPD) is therefore a potential measure of moisture 

stress in plants if soil moisture is not sufficient to meet plant water needs. While ranges 

of tolerance for moisture stress are likely species- and site-specific (Leuschner 2002), 

optimal VPD in greenhouse settings for vegetables and cultivars is suggested to be from 

at 0.3 to 0.7 kPa (Alberta Agriculture and Forestry 2016). However, in the field VPD is 
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habitat specific and research by Leuschner (2002) showed that the woodland herbs in 

moist environments grew better in lower VPD (i.e., between 0.12 kPa to 0.58 kPa). VPD 

is derived as the difference between the saturation vapor pressure (es) and the actual 

vapor pressure (ea). For the calculation of VPD see Appendix 3.1. 

3.2.4. Warming experiment 

Open Top Chambers (OTCs) are an ideal experimental technique to assess species' 

responses to warming for several reasons: first, the Wilson Brook site has no long-term 

data series to facilitate predictive modeling; second, despite the limitations of such short-

term experiments, all experimental warming methods have yielded information about 

ecological changes associated with climate warming (Shaver et al. 2000). For example, 

OTCs have been effective in comparing impacts of warming on plant growth and 

phenology for over 20 years (Marion et al. 1997, Arft et al. 1999, Shaver et al. 2000). 

Furthermore, because of the passive warming nature of OTCs, they are an inexpensive 

method (Aronson & McNulty 2009) that has been used in a variety of locations 

worldwide to predict population and ecosystem responses to future warming for a 

number of different taxa (Bokhorst et al. 2011, Scherrer & Koerner 2011, Semenova et 

al. 2015). 

Following the standardized protocol provided in the International Tundra Experiment 

(ITEX) Manual (Molau & Molgaard 1996, Marion et al. 1997), 10 hexagonal OTCs 

were placed to represent the range of microhabitats and slopes at Wilson Brook, each 
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paired with a control plot within a three to seven meter distance on a similar slope, 

substrate and aspect (Fig. 3.3). All plots were marked with five-sided metal frames 

anchored with light steel pegs. OTCs were 0.08 m2 (32 cm) in diameter at ground level, 

narrowing to 22 cm at the top), five-sided, with 15 cm high walls, and made of Sun-Lite 

HP (Solar Components Corporation; www.solar-

components.com/sun.htm#solargardening). The chambers were placed in the same 

positions each year (May 2011, and April 2012 and 2013) as soon as each site was 

accessible and snow-free. The OTCs were removed at the end of the growing season 

(November to December) each year. Data loggers recorded temperature and relative 

humidity for both OTCs and controls during the periods from June 1 – November 9, 

2011 to 2013. 

The microclimate database was somewhat smaller than planned due to unanticipated 

events. At Wilson Brook, one OTC sensor did not function in 2012 and 2013, and a 

control sensor was damaged by rodents late in 2011. On 11 occasions (3 % of plot 

visits), some of the OTCs or frames had been disturbed, either by animals (one side 

panel of an OTC had to be replaced early in 2011), or by falling rocks (Fig. 3.4). Five 

OTCs and three control plots were affected, with frequency distributed evenly over the 

years (three in 2011, four in 2012 and 2013 each). These issues are considered to have 

had negligible impact on the study, as they occurred randomly, affected a very small 

proportion (2%) of the dataset, and were corrected within one to two months, as soon as 
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the disturbance was observed. 

3.2.5 Data collection 

Population response was measured as number of ramets (D. integrifolia) and plants (A. 

parviflora) observed between May 31 and June 11 each year from 2012 to 2014, in ten 

OTCs and ten control plots. Data from 2011 were excluded due to possible counting 

inconsistencies. 

3.2.5.1 Regional climate and microclimate data 

Climate was compared between pairs of sites using two levels of data collection: (1) data 

from weather stations were used to represent regional climate, and (2) data from ground 

level data loggers were used to represent the microclimate experienced by individual 

plants at each site, inside and outside warming plots. Below, I explain the data collected 

at each level, and in Section 3.3.1, the analyses used to assess microclimate are 

described. Regional weather station data were downloaded from Environment Canada 

for Nappan (NS), Moncton and Alma (NB), Daniels Harbor, Ferolle Point, and Plum 

Point (NL) (Government of Canada 2016) within the timeframe of interest, when 

available (June 1 – November 9, 2011 – 2013 for NB except May 23 to October 19, 

2012 for Port-au-Choix, Table 3.1). Although the regional data for southeastern New 

Brunswick and Nova Scotia originated from different eco-regions than Wilson Brook, 

they were the closest stations and representative of southeastern NB climate.  

Second, to characterize the local microclimate, I recorded temperature and relative 
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humidity with data loggers. Microclimate variables were calculated from logged data: 

GDD and VPD per year, and the frequency of occurrences per year of six temperature 

categories (see below) for the three years of the study at Wilson Brook (Table 3.1). 

Temperature and relative humidity (RH) were monitored using five data loggers each at 

Wilson Brook and Port-au-Choix (HOBO U23 Pro, Onset,) and three at Albert Mines 

(HOBO Pro Series, H08-032-08, Onset). For the warming experiment, an additional 10 

sensors were placed inside the OTCs. Sensors were placed at ground level, under rocks 

or leaves that were present in the plots, to avoid direct radiation (Molau & Molgaard 

1996). Temperature and relative humidity were recorded at 10-minute intervals during 

the same periods each year, when possible (Table 3.1). Microclimate data based on 

loggers near the ground are expected to show higher temperatures than the standardized 

regional measurements 2 m above ground.  

The first five variables used to assess microclimate in this research at Wilson Brook, 

Albert Mines and Port-au-Choix were mean, maximum, and minimum daily 

temperatures, growing degree days (GDD), and vapor pressure deficit. Warmer 

temperatures affect moisture content in soils, and vapor pressure deficit (VPD) can be 

used as a measure of moisture stress for plants depending on soil moisture. Soil moisture 

was not monitored during this study, nor was precipitation. Temperature data from the 

data loggers were further divided into an additional variable based on biologically 

relevant temperature grades (six classes; calculated over 10 min intervals), and based on 

the expectation that plants are susceptible to broad thresholds of temperature rather than 
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specific values, as per (Źróbek-Sokolnik 2012):  

(1) below 0 ºC – negligible photosynthetic activity expected (Źróbek-Sokolnik 2012),  

(2) 0 to 10 ºC – brackets the lower limit of photosynthesis for arctic plants (5ºC; (Molau 

& Molgaard 1996, Wipf 2010), although photosynthesis can be maintained around 

0ºC (Chapin III 1983), 

(3) 10 to 15 ºC – optimal temperature range for maximum photosynthetic rate in arctic-

alpine plants (Chapin III 1983, Larkindale et al. 2005, Lambers et al. 2008),  

(4) 15 to 25 ºC – mild / moderate heat stress expected in arctic species (Źróbek-Sokolnik 

2012),  

(5) 25 to 40 ºC – serious heat stress expected, and  

(6) above 40 ºC – heat stress expected to cause damage. The lower limit of lethal 

temperature observations is 42 ºC (Dahl 1951). Temperatures above 47.4 ºC have 

been found to be lethal to 50% of D. octopetala plants after 30 minutes of exposure, 

and the range of lethal temperatures for other arctic-alpine species ranged between 

43.5 and 47.5 ºC (Gauslaa 1984).  
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3.3 Data analysis 

All analyses, unless otherwise indicated, were carried out with the linear mixed effects 

package lme4 (Bates et al. 2015) in R version 3.2.2 (R Core Team 2015). A linear mixed 

effects model was chosen for its suitability to handle unbalanced sample size, and the 

use of a random factor (plots), since variability in individual plots (slope, shading, etc.) 

had to be accounted for in the models. Data were visually inspected for normality and 

homogeneity with plots of residuals against fitted values; outliers and leverage were 

identified (Cooks distance) and plotted with the available functions in R, and with 

influence.ME (Nieuwenhuis et al. 2012). Normality of residuals was visually inspected 

using qqnorm. Outliers were excluded from analyses only if clear equipment error could 

be identified (i.e., broken logger cord), logger readings were above 60 °C (presumed to 

be due to logger error), and when individual readings (once in the 10-min interval) were 

an order of magnitude higher than an earlier or later readings. P-values are based on 

likelihood ratio tests, unless otherwise stated. Individual plot location (insert, Fig. 3.1) 

was the random effect in all models unless otherwise stated, and temperature variables, 

year, location, and species were fixed effects in the models as stated. A linear model 

(using lm from the stats package) was used for examining differences in growing degree 

days as a function of  year and treatment (predictors). Post-hoc analyses were carried out 

for factors with significant interactions with the R package lsmeans (Lenth 2016) for 

linear mixed effects models, and ghlt from the multcomp package for linear fixed effects 

models using lm (Hothorn et al. 2008). Graphs were created with the graphics (R Core 
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Team 2015) and ggplot2 (Wickham 2016) packages. 

3.3.1 Regional and microclimate at Wilson Brook versus Albert Mines and Port-au-

Choix  

Separate linear mixed effects models were used to compare temporal and spatial 

variation in climate. First, each climate variable (mean, maximum and minimum daily 

temperature, and GDD) available from both weather stations (regional) and data loggers 

(local) was fitted against location, month (5 months per year from June to November), 

and year (2011-2013) as fixed effects, and plot or station location as random effects. 

Location included Wilson Brook (data loggers at n = 5 control plots), southeastern New 

Brunswick and northwestern Newfoundland (n = 3 weather stations each). These models 

assessed the degree of climatic variation among sites regardless of the level at which 

climate data were recorded. 

Second, variation in microclimate conditions from the same four variables but recorded 

only with data loggers was fit against location (Wilson Brook [data loggers at n = 5 

control plots], Port-au-Choix [data loggers at n = 5], Albert Mines [data loggers at n = 

3]) as the fixed effect, and plot as the random effect. These models assessed the degree 

of climatic variation occurring at ground level among sites, and ignored trends in climate 

recorded by weather stations. Each climate response variable was assessed separately.  

3.3.2 Warming experiment: OTCs versus controls at Wilson Brook 

To assess the effect of experimental OTC plots on microclimate, variation in each of the 
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six microclimatic variables was assessed using a linear mixed effects model with year 

(2011-2013) and treatment (OTC [data loggers at n = 10 plots] or control [data loggers at 

n = 5]) and their interaction as fixed effects, and plot as the random effect. For all 

analyses, the full factorial model including the interaction between time and treatment 

was compared with reduced models that (1) did not include the interaction term, and (2) 

did not include the term of interest (treatment). Models were compared using log 

likelihood, and the best-fit model selected based on Chi-square. Where the full model 

was selected (i.e., where a significant interaction was present), Tukey Post-Hoc 

comparisons were undertaken to determine where significant differences were present. 

The least-squared mean estimates for the fixed effect treatment was obtained using the 

lsmeans (Lenth 2016) and pbkrtest (Halekoh & Højsgaard 2014) packages. F-tests were 

calculated according to the Kenward-Roger method (Kenward & Roger, 1997, Halekoh, 

2014). In these models, a significant treatment effect would indicate that the OTCs 

effectively changed the microclimate relative to ambient conditions, while a significant 

interaction between treatment and year would indicate that the effect of OTC impacts on 

microclimate varied temporally with other unmeasured factors varying with year. 

3.3.3 Population growth response  

Because growth in a given year is indirectly the result of the effects of the previous 

year's environmental conditions on root biomass, reproduction and storage organs, all 

analyses related environmental data from year t to ramet and plant counts in year t + 1. 

Population growth for D. integrifolia and A. parviflora were calculated separately as the 
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difference in the number of ramets and plants within plots between years (2013 vs. 2012, 

2014 vs. 2013). Species were combined for this analysis, and since counts between 

species varied strongly, they were centered within species by subtracting the overall 

mean from the raw count per species.  

3.3.3.1 Population growth response to experimental warming: OTCs versus 

controls 

To assess if the OTCs affected population growth, the change in the number of ramets 

(D. integrifolia) and individual plants (A. parviflora) was compared between OTCs (n = 

10) and controls (n = 10) at Wilson Brook (2013 vs. 2012, 2014 vs. 2013). The change 

in the number of ramets or plants was used as a response variable; treatment and year 

were the predictor variables, and individual plot was a random variable in linear mixed 

effects models. The full factorial model including the interaction between time and 

treatment was compared with reduced models that did not include either (1) the 

interaction term, and (2) the term of interest (treatment). Models were compared using 

log likelihood, and the best-fit model selected based on Chi-square. All interactions 

included in the model (treatment and year) were non-significant, were not included in 

the final model, and are not reported below. 

3.3.3.2 Population growth response to microclimate variables  

Results of the above models revealed no significant effect of treatment on ramet / plant 

number. For that reason, treatments were combined for further analysis. Population 
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growth response was assessed using ramet / plant counts as the response variable, and 

GDD, annual temperature frequency classes as fixed effects, with plot as the random 

term. The full factorial model including the interaction between time and treatment was 

compared with reduced models that did not include either (1) the interaction term, or (2) 

the term of interest (treatment). Models were compared using log likelihood, and the 

best-fit model selected based on Chi-square. Temperature frequencies were centered to 

fit the models since the numbers were highly variable.  
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3.4 Results 

3.4.1 Regional climates and local microclimates 

Regional climate comparisons revealed a significant interaction between year and 

location for mean daily temperatures (χ2 = 38.93, df = 4, P < 0.001). Mean daily 

temperatures over the three years were significantly higher at Wilson Brook and in 

southeastern New Brunswick region in general than in northwestern Newfoundland (Fig. 

3.5, Appendix 3.2). The regional mean daily temperatures for northwestern 

Newfoundland were significantly higher in 2012 than in either 2011 or 2013, with no 

among-year differences within either of the other locations (Appendix 3.2). Growing 

degree days were significantly lower in northwestern Newfoundland than in 

southeastern New Brunswick and Wilson Brook in all three years (Fig. 3.6, P < 0.001); 

there was no effect of year. Evidence from linear models showed that month-to-month 

variation in mean daily temperatures differed among locations (analysis including all 

four sites for 2012  only, χ2 = 133.88, df = 12, P < 0.001). Mean daily temperatures at 

Wilson Brook were not significantly different from southeastern New Brunswick, but 

local Port-au-Choix mean daily temperatures were significantly higher than 

northwestern Newfoundland, except in October (Fig. 3.7, Appendix 3.3). Southeastern 

New Brunswick mean daily temperatures were significantly higher than northwestern 

Newfoundland, except in September and October; northwestern Newfoundland mean 

daily temperatures were significantly lower than Wilson Brook only in June and July.  
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At the site level, there was no significant variation in mean, minimum or maximum daily 

temperature, or GDD between Wilson Brook and the more distant Port-au-Choix site 

(Appendix 3.4). VPD was significantly higher for Wilson Brook than for Port-au-Choix 

in 2012 (0.25 kPa ± 0.04 SE, χ2 = 17.34, df = 1, P < 0.001, Fig. 3.8). As was expected 

based on geographic proximity, Wilson Brook and Albert Mines did not differ in mean 

or minimum daily temperatures or GDD (Appendix 3.5). However, maximum daily 

temperatures were significantly higher 3.36 ± 1.17 °C (mean ± SE) at Wilson Brook 

than at Albert Mines (χ2 = 5.43, df = 1, P = 0.02, Fig. 3.9). In addition, VPD was 

significantly lower by 0.12 kPa ± 0.01 SE for Wilson Brook than for Albert Mines (χ2 = 

17.74, df = 1, P < 0.001, Fig. 3.10).  

Since I expected temperatures at ground level to be higher than at the level of 

standardized measurements, these data suggest that conditions at Wilson Brook were 

cooler than regional New Brunswick climate for most variables, and similar to Port-au-

Choix in Newfoundland, as well as Albert Mines, the local control site. 

3.4.2 Effectiveness of warming experiment 

It was expected that OTCs would raise temperatures in experimental plots by at least 1 

°C, resulting in higher mean and maximum daily temperatures as well as higher 

effective GDD and VPD than in control plots. In contrast, OTCs showed some cooling. 

Maximum daily temperatures were lower in OTCs compared to controls in 2013 (P < 

0.001, Fig 3.11), the frequency of temperatures in the 25–40°C range was greater in 
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controls 2013 (P = 0.030, Fig. 3.12 b), and OTCs reduced the frequency of occurrences 

of the temperature range >40 °C all three years (χ2 = 5.16, df = 6, P = 0.023, Fig. 3.12 

a). No effect of OTCs on GDD (F41,40 = 1.08, P = 0.31) was detected.  

Treatment affected temperatures differently depending on the year: there were 

significant interactions of year with treatment for mean daily temperatures (χ2 = 7.58, df 

= 2, P = 0.02), maximum daily temperatures (χ2 = 19.31, df = 2, P < 0.001), VPD (χ2 = 

58.62, df = 2, P < 0.001), and temperature ranges 25 to 40 °C (χ2 = 10.62, df = 2, P = 

0.005) (see Appendix 3.6).  

There were also significant differences in temperature between OTCs and ambient plots 

among years. Mean daily temperatures were highest in 2012 in the OTC plots compared 

to all 2011 and 2013 (Fig. 3.13, Appendix 3.6b), and maximum daily temperatures were 

significantly different between years for OTCs. OTCs only lowered maximum daily 

temperatures significantly compared to controls in 2013 (Fig 3.11, Appendix 3.6b). VPD 

were significantly different among years for controls and OTCs (Fig. 3.14, Appendix 

3.6c). The frequency of temperatures in the 25–40°C was greater in controls with a 

significant difference in 2013 (Fig. 3.12 b, Appendix 3.6d). 

3.4.3 Population growth response to microclimate at Wilson Brook 

Population growth did not differ between OTCs and controls for either species, and there 

was no interaction between year and treatment (χ2 = 0.003, df = 1, P = 0.959, Fig. 3.15). 
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OTCs and controls were therefore pooled for further analyses, but abundance did not 

differ among years or as a function of GDD or temperature using pooled data.     
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3.5 Discussion 

To assess the sensitivity of rear-edge disjunct populations to predicted future warming, 

this study used two complementary approaches: documenting current microclimate at 

sites with and without arctic-alpine species, and experimental manipulation of 

microclimate to evaluate population growth response of two species. The microclimate 

at Wilson Brook was expected to be warmer than the regional climate simply due to 

differences in instrument height and associated boundary layer effects. However, since 

Wilson Brook was similar to southeastern New Brunswick over the three years, cooling 

seems to occur at Wilson Brook. This suggests that the persistence of rear-edge, disjunct 

populations of two arctic-alpine species at Wilson Brook may be attributable to a cooler 

local microclimate compared to regional climate. Further, the warming experiment did 

not increase temperatures in the experimental plots as intended; instead, OTCs reduced 

the frequency of high temperatures, and may have cooled the plots overall. While 

population sizes of D. integrifolia and A. parviflora varied among years, I found no 

biologically significant associations of microclimate variables with population growth. 

Below I discuss the microclimate at Wilson Brook, the unexpected cooling effect of the 

OTCs and the apparent absence of an association between population and microclimate 

variables. 

3.5.1 Microclimate at Wilson Brook 

Based on the occurrence of arctic-alpine species, the Wilson Brook site was expected to 
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display a cooler ground-level microclimate than that of the broader region in which it 

occurs, and microclimate characteristics similar to those further north in Newfoundland. 

For example, occurrences of arctic-alpine vascular plant elements far south of their 

current range on Lake Superior have been attributed to a harsh microclimate resembling 

arctic conditions (Given & Soper 1981).  

Comparison of the microclimate at the study sites must be interpreted with caution, 

given the limited data (three years for Wilson Brook, and one for Albert Mines and Port-

au-Choix). However, several generalizations are worth noting. Although the regional 

temperature data lack precision, mean daily temperatures and GDD during the growing 

season at Wilson Brook did not differ significantly from the regional average for New 

Brunswick. Given that microclimate is expected to differ significantly from standardized 

observations (Geiger et al. 2009), I would have expected significantly higher ground-

level temperatures than regional temperatures. This principle is reflected in the fact that 

local microclimate at Port-au-Choix was significantly higher (by over 1.6 °C) than 

weather station data from northwestern Newfoundland in 2012, during the summer 

months. In contrast, particular landforms such as rock outcrops have been shown to 

reduce temperature and increase moisture , while also reducing the variability in 

temperature (Locosselli et al. 2016). Wilson Brook did not differ from Port-au-Choix in 

any of the temperature metrics examined: daily mean, minimum, or maximum, or GDD; 

I expected Wilson Brook temperatures to be significantly higher than Port-au-Choix due 

to the more northerly location of the latter. The lack of difference between Wilson Brook 
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and the regional climate as well as Port-au-Choix provides indirect evidence that Wilson 

Brook may induce local cooling, which my OTC experiment suggests may be due to 

substrate conditions as described in section 3.5.1.1. 

Unexpectedly, Wilson Brook had higher maximum daily temperatures than the nearby 

Albert Mines site in 2013, although no other variables differed between the sites. It 

should be noted that Albert Mines measurements were limited to one growing season, 

and conditions at which the sensors were placed (different slopes at the two sites, 

slightly different aspects) may have influenced those measurements. If Albert Mines 

received maximum irradiation at a different time of day than Wilson Brook, this could 

explain differences in daily maximum temperatures. 

Significant differences in VPD at Wilson Brook compared to both Albert Mines and Port 

au Choix were detected, but are unlikely to be biologically significant because (a) the 

differences were small (< 0.25 kPa), and (b) all mean daily VPD values during the three 

years over all plots (0.12 ± 0.00 SE) were well below the putatively ideal range (0.45 – 

1.25 kPa) for commercial plants grown under greenhouse conditions (Leuschner 2002), 

which is likely a conservative estimate for wild plants. The ideal range of VPD for the 

study species is unknown, but it seems unlikely that it constitutes a critical stress at these 

sites. 

It is possible that there are additional subtle critical microclimatic differences that were 

not considered. For example, cooler microclimate may be more pronounced during some 
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months, and may influence key processes such as flowering regardless of the length of 

the growing season.  

It was interesting to note that Albert Mines, a proximal site with similar substrate and 

lower maximum daily temperatures than Wilson Brook, contains none of the study 

species. The absence of arctic-alpine species at Albert Mines is not likely due to 

substrate or microclimate conditions alone. Albert Mines is a former gypsum mine site, 

and experiences considerable disturbance (S. Dietz, pers. obs.). Further studies could 

evaluate limitations to the establishment of arctic-alpine species at Albert Mines that 

may be imposed by competition from other species, dispersal limitations, and human 

disturbance, or assess the potential to introduce arctic-alpine species to the site.  

3.5.1.1 Cooling effect of Open Top Chambers at Wilson Brook 

Rather than the expected warming, the OTCs at Wilson Brook lowered the maximum 

daily temperatures relative to control plots in one year out of three. Furthermore, OTCs 

had significantly fewer high temperature events (above 40 ºC) than control plots, and 

fewer occurrences of temperatures between 25 and 40 ºC in 2013. Such unexpected 

results have been occasionally noted in the literature, and several explanations were 

considered, but seem unlikely. The period of recording (122 days) was consistent across 

years, and occurred during the snow free season, avoiding potential impacts of snow 

load inside the OTC (noted by Bokhorst et al. 2011). Shading by increasing canopy was 

implicated in a decrease in soil surface temperature by Kudo & Suzuki (2003), while 
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Jonsdottir et al. (2005) were not able to explain a decrease in soil temperature in treated 

plots. Hollister et al. (2006) associated dense plant cover with higher ground temperature 

as well as high albedo with lower ground temperature. An increase in shading was not 

observed during the study duration, and OTCs presumably received the same shading as 

the control plots given the paired study design. Marion et al. (1997) suggested that both 

chamber size and shading by the chamber itself could reduce the intended heating effect. 

While my OTCs (32 cm diameter, 15 cm high) were somewhat smaller than OTCs most 

frequently used in the Arctic (104 cm basal diameter), OTCs as small as 0.5 m2 are not 

uncommon and have effectively increased temperature (Arft et al. 1999, Day et al. 1999, 

Walker et al. 2006, Aronson & McNulty 2009, Elmendorf et al. 2012). As such, size 

alone should not have caused the effect observed. The material used in this study has 

been effectively used in previous studies and should have achieved good irradiation in 

the OTC plots. Sun-Lite HP was chosen for its high solar transmittance (86%) and low 

long-wave transmittance, which would minimize shading and maximize warming. Since 

the OTCs were not placed level but at varying aspects, this might have caused some 

internal shading. However, the angles of OTCs along the slope were selected randomly, 

and each was consistent across years. Future studies should assess the possibility of 

decreased solar radiation caused by non-horizontal OTCs.  

Another explanation for the failure of the OTCs to warm the plots may also provide an 

explanation for the conditions allowing the arctic-alpine species to persist at Wilson 

Brook. The highly porous gypsum substrate of the cliff has cavities underneath and in its 
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face, which are filled with water and / or ice. Indeed, visible ice persisted in early June 

2013 in a shaded crevice in the cliff face (S. Dietz, pers. obs.). Water moves up easily 

through gypsum soils; under conditions of adequate water supply this can maintain a 

continuously moist and cool surface environment (Meyer et al. 1992, Escudero et al. 

2015). OTCs might well have caused a localized cooling effect by slowing air 

movement and retaining the substrate-cooled moisture. It is not clear why this effect 

would be more pronounced in some years than in others. It has to be noted that 

precipitation, which might have played a role, was not recorded in this study. In the 

broader sense, the gypsum substrate may provide the mechanism for these species to 

persist through effects on local air movement resulting in a cooler ground level 

microclimate. Elsewhere, alpine species occur below their usual elevation range in micro 

habitats associated with unstable glacial debris and subsurface ice (Fickert et al. 2007). 

In evaluating microrefugia in mountainous landscapes, Dobrowski (2011) argued that 

local terrain conditions (e.g., cool air pooling, temperature inversions, slope and aspect, 

elevation (Gentili et al. 2015)) can decouple microclimate from regional climate. 

However, further study is required to understand the influence of this substrate, 

including comparison of above- vs. belowground temperature and moisture content, and 

measures of establishment success of competing species at the site. 

3.5.2 Population growth and microclimatic variation at Wilson Brook 

Two species of the genus Dryas (D. integrifolia and D. octopetala) have shown both 

short- and long-term responses to warming in International Tundra Experiment (ITEX) 
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studies (Murray 1997). All of the sites monitored through ITEX are in arctic / alpine 

locations, and the same increased growth response to warming would not have been 

expected at southern sites, since temperatures here are presumed to be at the upper 

tolerance limit. If D. integrifolia was at the upper limit of its range of temperature 

tolerance at Wilson Brook, detectable changes would be expected in a three-year 

experiment. For example, D. integrifolia responded positively after one year to 

additional snow pack (Legault & Cusa 2015), and to OTC warming (with increased 

flower production) (Robinson 2014). Tolvanen & Henry (2001) documented positive 

responses to warming and nutrient addition in five growing seasons. In longer-term 

warming studies of D. integrifolia, plant height and total cover increased over 9 years 

(Welker et al. 2004); flower and seed biomass, and seed germination increased over 12 

years (Klady et al. 2011); and leaf size and plant height increased over 16 years (Hudson 

& Henry 2010, Hudson et al. 2011). Together, these studies indicate that D. integrifolia 

can display important biological responses to increased temperatures, in both the short- 

and long-term. In addition, I would have expected a positive response to cooling if the 

microclimate at the southern range edge had reached temperatures that exceeded either 

species' limits of tolerance. 

This study does not provide evidence to support microclimate as a limiting factor for the 

study species in southeastern New Brunswick. The fact that I found neither a response of 

the two species to local variability in microclimate, nor a positive or negative response 

to cooling, suggests that the species are relatively robust to the variation in temperature 
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experienced at this most southerly location. Although the OTCs did not function as 

intended, the study provides useful information on population changes in the two species 

at a disjunct rear-edge site, and provides insights into knowledge gaps to be addressed 

by future studies.  

Future research should explore the soil water content to determine if the substrate may 

play a role in moderating temperatures at the site. To my knowledge, no ecotypes of D. 

integrifolia and A. parviflora have been identified across the range edge. Reciprocal 

transplant experiments, including individuals from different locations across the range, 

should be undertaken to elucidate if the Wilson Brook populations show specific local 

adaptation to temperature variability, providing information on their capacity to deal 

with temperature changes at this southern range edge. In addition, transplant 

experiments with seeds, seedlings and adult plants beyond the current range limit could 

help identify the existence of limitations to the establishment of the two species beyond 

their ranges. 
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3.6 Conservation implications for Wilson Brook 

The presence of populations of Dryas integrifolia and Anemone parviflora at the Wilson 

Brook site is clear evidence that the historic and current microclimates were / are within 

their ecological ranges of tolerance. Further, the absence of a population growth 

response to temperatures above the assumed optimum suggests that, in the short term, 

these populations are unlikely to succumb to warming. Seedling establishment success is 

unknown for the site. Because the OTCs did not increase temperatures, it is impossible 

to determine what range of increasing temperatures associated with climate change these 

arctic-alpine species will tolerate. It is possible that site conditions, such as buffering of 

temperatures caused by the substrate, as well as the topography of the site (a north-

facing, shaded slope) could play a role in maintaining arctic-alpine species at Wilson 

Brook in the face of a changing climate.  

Given that the site is already protected as a provincial Protected Natural Area with 

minimal human disturbance, there does not appear to be a need to change its 

management. It is possible that the slope might destabilize in the future due to erosion, 

or that surrounding species might encroach on these populations. If that becomes a 

concern, monitoring should be implemented to detect changes in population sizes, level 

of cliff erosion, and intrusion by other species, especially by weedy, non-native species 

that occur in the area. I would argue that the arctic-alpine populations and their habitats 

should be conserved because they are an important component of New Brunswick's 
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natural heritage, representing a unique assemblage of plants, in a unique habitat. 
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Tables 

Table 3.1. Summary of micro data collection at 10 min intervals at three sites, as well as 
regional data used from Environment Canada (Government of Canada 2016).  
 

Comparison 
with local 
Wilson Brook 

Location Years Sampling 
period  

a) Regional 
climate  
 

Alma (EC),  
Moncton (EC) 
Nappan (EC) 
Daniels Harbour (EC) 
Ferolle Point (EC) 
Plum Point (EC) 

2011 to 
2013 
 

June 1 to 
November 9 
 

b) Regional 
climate NB, 
micro & regional 
NL 

Alma (EC),  
Moncton (EC) 
Nappan (EC) 
Port-au-Choix 
Daniels Harbour (EC) 
Ferolle Point (EC) 
Plum Point (EC) 

2012 23 May to 19 
October for 
Port-au-Choix, 
to 9 November 
for all others  

c) Micro NL Port-au-Choix 2012 23 May to 19 
October 

d) Micro local 
(control) 

Albert Mines 2013 22 April to 
November 9 

e) Micro local Wilson Brook 2011 to 
2013 
2012 
 
2013 

June 1 to 
November 9 
23 May to 
November 9 
22 April to 
November 9 
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Figures 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1. Study sites: Port-au-Choix, Wilson Brook and Albert Mines. The insert 
shows the locations of plots at Wilson Brook. Wilson Brook: 45.86005, –64.67611, 
Albert Mines: 45.86443, –64.66719, Port-au-Choix: 50.70065, –57.37788. 
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Figure 3.2. Wilson Brook Protected Natural Area, New Brunswick, Canada, gypsum 
cliff habitat. Low vegetation areas are Dryas integrifolia patches. Photo: Sabine Dietz, 
2011 
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Figure 3.3. Open Top Chamber (background) and control plot (foreground), Plot # 10, in 
2011. Both plots (diameter 32 cm, 0.08 m2) have data loggers, visible in control plot, 
normally covered by vegetation. Wilson Brook Protected Natural Area, New Brunswick, 
Canada. Photo: Sabine Dietz, 2011  
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Figure 3.4. Open Top Chamber located in unstable location where rocks (white) moved 
due to erosion during the 3 seasons of an experiment at Wilson Brook Protected Natural 
Area, New Brunswick, Canada. Photo: Sabine Dietz, 2011 
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Figure 3.5. Post-hoc comparisons (Tukey contrasts) of the linear mixed effects model of 
location vs. year interactions: mean daily temperatures (mean ± first and third quartile) 
for Wilson Brook (local data, n = 5, WB), and three regional weather stations each in 
Newfoundland (Daniels Harbour, Ferrolle Point, Plum Point, NL-regional) and New 
Brunswick (Alma, Moncton, Nappan NS, NB-regional, data downloaded from 
Government of Canada (2016), over three growing seasons (1 June to 9 November, 2011 
& 2013). The least-squared mean estimates for the fixed effect location were obtained 
using the lsmeans (Lenth 2016) and pbkrtest (Halekoh & Højsgaard 2014) packages. 
There was a significant interaction between location and year (χ2 = 38. 93, df = 4, P <  
0.001). There was a significant difference between Wilson Brook and NB region in 
2011, with mean daily temperatures in NB region significantly higher than Wilson 
Brook (P = 0.027); this difference was not apparent in other years. Newfoundland 
regional mean daily temperatures were significantly lower than both Wilson Brook 
(except in 2012) and NB region (Appendix 3.4).  

 

NB-regional 
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Figure 3.6. Post-hoc comparisons (Tukey contrasts) of growing degree days (mean ± 
first and third quartile) by year  from weather stations in New Brunswick (NB-regional, 
Alma, Moncton, Nappan NS), Newfoundland (NL-regional, Daniels Harbour, Ferrolle 
Point, Plum Point), and Wilson Brook (n = 5), 1 June - 9 November (2011 to 2013). 
Regional data from (Government of Canada 2016). There was no significant interaction 
of year and location (F20, 24 = 2.70, P = 0.059). GDD was significantly lower in NL-
regional than in NB-regional (by 515 GDD, P < 0.001) or Wilson Brook (by 630 GDD, 
P < 0.001), over three years.  
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Figure 3.7. Post-hoc comparisons (Tukey contrasts) of mean daily temperatures in °C 
(mean ± first and third quartile) by month. New Brunswick weather stations (Alma, 
Moncton, Nappan NS, NB-regional), Newfoundland weather stations (Daniels Harbour, 
Ferrolle Point, Plum Point, NL regional), Port-au-Choix (n = 5) and Wilson Brook (n = 
5), 1 June to 23 October (2012). Regional data from (Government of Canada 2016). The 
least-squared mean estimates for the fixed effect location were obtained using the 
lsmeans (Lenth 2016) and pbkrtest (Halekoh & Højsgaard 2014) packages. There was a 
significant interaction of month and location (χ2 = 133.88, df = 12, P < 0.001). Mean 
daily temperatures in NB region did not differ significantly from Wilson Brook (P > 
0.05, Appendix 3.5). 
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Figure 3.8. Distribution of vapour pressure deficit for Port-au-Choix (n = 5) compared to 
Wilson Brook (n = 5) for 2012 as recorded by ground level data loggers at five 32 cm 
diameter (0.08 m2) plots per site. VPD was significantly higher at Wilson Brook by 0.25 
kPa ± 0.04 SE than at Port-au-Choix (χ2 = 17.34, df = 1, P < 0.001); neither month nor 
the interaction between month and location was significant. 
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Figure 3.9. Comparison of maximum daily temperatures at Wilson Brook (n = 5) and 
Albert Mines (n = 3) for 2013 as recorded by ground level data loggers at 32 cm 
diameter (0.08 m2) plots per site. Maximum daily temperature at Wilson Brook was 
significantly higher by 3.36 °C ± 1.17 SE than at Albert Mines (χ2 = 5.43, df = 1, P < 
0.02); neither month nor the interaction between month and location was significant. 

Maximum daily temperatures (ºC) 
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Figure 3.10. Comparison of vapour pressure deficit at Wilson Brook (n = 5) and Albert 
Mines (n = 3) for 2013 as recorded by ground level data loggers at 32 cm diameter plots 
(0.08 m2) per site. VPD at Wilson Brook was significantly lower by 0.12 kPa ± 0.01 SE 
at Wilson Brook than Albert Mines (χ2 = 17.74, df = 1, P < 0.001); neither month nor 
the interaction between month and location was significant. 
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Figure 3.11. Comparison of maximum daily temperatures in OTCs (white bars, n = 10) 
versus control plots (shaded bars, n = 5) at Wilson Brook from 1 June to 9 November 
2011 to 2013, by year (mean ± first and third quartile). There was a significant 
interaction between year and treatment (χ2 = 19.31, df = 2, P < 0.001). There was a 
significant difference between treatments in 2013 only (P < 0.001), with lower 
maximum daily temperatures in OTC's compared to controls, and there were significant 
differences within treatments among years (Appendix 3.7b) 
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Figure 3.12. Comparison of frequency of the occurrence of temperatures between (a) > 
40°C and (b) 25 and 40 °C in OTCs (white bars, n = 10) versus control plots (shaded 
bars, n = 5) at Wilson Brook from 1 June to 9 November 2011 to 2013, by year ((a) 
mean ± SD, (b) mean ± first and third quartile). (a) There were fewer > 40°C 
temperatures in the OTCs (χ2 = 5.16, df = 6, P = 0.023); (b) There was a significant 
interaction between year and treatment (χ2 = 10.62, df = 1, P = 0.005). There were 
significantly fewer occurrences of temperatures between 25 and 40 °C in OTCs in 2013 
than in controls (P = 0.050), and there were significant differences within treatments 
among years. 
 

a) 

b) 
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Figure 3.13. Comparison of mean daily temperatures in OTCs (white bars, n = 10) 
versus control plots (shaded bars, n = 5) at Wilson Brook from 1 June to 9 November 
2011 to 2013, by year (mean ± first and third quartile). There was a significant 
interaction between year and treatment (χ2 = 7.58, df = 2, P < 0.023). There was no 
significant difference between treatments (P > 0.05), but there was a significant 
difference within treatments among years, Appendix 3.7a). 
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Figure 3.14. Comparison of differences in VPD in OTCs (white bars, n = 10) versus 
control plots (shaded bars, n = 5) at Wilson Brook from 1 June to 9 November 2011 to 
2013, by year (mean ± first and third quartile). There was a significant interaction 
between year and treatment (χ2 = 58.62, df = 2, P < 0.001). There was no significant 
difference between treatments (P > 0.05), Appendix 3.7c), but there were significant 
differences within treatments among years. 
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Figure 3.15. Change in counts (centered within species) of (a) Anemone parviflora 
plants and (b) Dryas integrifolia ramets by treatment (OTCs n = 10 plots, controls n = 
10 plots) over three years (2012-2014) at Wilson Brook, NB. No significant differences 
were detected in changes between years or between treatments. Normality of residuals 
was visually inspected using qqnorm (R Core Team 2015). 
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Chapter 4 - Assessing the conservation significance of peripheral 

populations - a case study of three arctic-alpine species in Eastern 

Canada 

Abstract 

Conservation prioritization is usually based on a species' risk of extinction. This 

approach results in prioritizing conservation action for rare species, and often results in 

common and wide-ranging species receiving less consideration in conservation 

decisions. However, peripheral populations of these species may be of evolutionary and 

ecological significance and hold unique genetic variability that could aid in a species' 

ability to adapt to ongoing climate change. Despite the considerable challenges, the 

conservation significance of peripheral populations should be assessed based on their 

genetic distinctness, ecological uniqueness, and extinction risk. I assessed the 

conservation significance of rear-edge populations of three widespread and common 

arctic-alpine species based on an investigation of their levels of genetic diversity and 

differentiation, as well as extinction risk for two populations. The assessment indicated 

that some disjunct populations may be of intermediate conservation significance, and 

that it is important to consider rear-edge disjunct populations in conservation 

considerations. Future research should focus on establishing predictors that can facilitate 

the evaluation of genetic distinctness. 
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4.1 Introduction 

The conservation of biodiversity (species diversity, genetic diversity, community and 

ecosystem diversity) is generally viewed as desirable, and all biodiversity may be seen 

as worthy of conservation for ethical (intrinsic) values. However, a wide range of 

potentially contradictory values (e.g., economic costs vs. social benefits) and 

considerations drive conservation management decisions (Fig. 4.1; Primack 2002). 

These values may be direct or indirect; practical or intrinsic; current or future. For 

example, some would argue that decisions to conserve salmon (Salmo spp.) arise 

primarily from its monetary value as an economically important, consumable species 

(Richardson & Loomis 2009). Narwhal (Monodon monoceros) is given high priority 

because it has high traditional indigenous and spiritual value, even though it is not a 

species at risk (Government of Canada 2005). Other species may be conserved for 

indirect contributions, for their role in ecosystem functioning (e.g., keystone species 

such as wolves, Canis spp.) and ecosystem services (e.g., vegetation, flood control) 

(Primack 2002). At a more general level, the conservation of ecological communities 

and ecosystems such as parks and greenspaces has historically been driven by cultural 

and aesthetic values.  

The current loss of biodiversity worldwide attributable to human activities is dramatic in 

its speed and magnitude, and could become the sixth mass extinction in the Earth’s 

history (Barnosky et al. 2011); global climate change is expected to increase this 

extinction risk (Thomas et al. 2004, Williams et al. 2008, Urban 2015). The concern 
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over biodiversity loss worldwide is well illustrated by the Convention on Biological 

Diversity (United Nations 1992), a broad, international framework for conservation, 

signed and ratified by 196 countries. While the need to conserve biological diversity is 

widely recognized, given limited resources (time, human and financial), prioritization is 

required to identify those species and populations most in need of attention (Pullin et al. 

2013). At the highest level, the International Convention on Biological Diversity 

commits signatories to identify “components of biological diversity important for its 

conservation...” (United Nations 1992). These components, identified in Annex 1 of the 

Convention, include species that are threatened (i.e., at risk)], and of “medicinal, 

agricultural or other economic value; or social, scientific or cultural importance [i.e., to 

humans]; or importance for research into the conservation and sustainable use of 

biological diversity, such as indicator species [i.e., importance to the biosphere]”(United 

Nations 1992). It is important to note that risk of extinction (“threatened”, Red Lists, and 

other terms) is the primary criterion for setting conservation priorities, even though the 

need to consider other criteria is often highlighted in the literature (Martín-López et al. 

2011).  

Many templates to prioritize species based on biological criteria have been developed 

over the years, all fitting within the framework of prioritizing species based on 

“irreplaceability” (e.g., endemic species) relative to “vulnerability” (e.g., habitat loss) 

(Brooks et al. 2006), “biological consequences of loss” (e.g., keystone species), and 

“threat to persistence” (e.g., likelihood of extinction) (Taylor et al. 2011, Taylor et al. 
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2013). The most widely accepted species prioritization process is based on risk of 

decline or extinction, using a system of triage (Bottrill et al. 2008). This is the primary 

tenet of the species risk assessment of the International Union for the Conservation of 

Nature (IUCN 2017), and 99 countries used the red listing of the IUCN in 2008 (50% of 

countries in the world) (Rodríguez 2008). In a survey of 47 countries, 82% based their 

conservation priority setting on the IUCN lists, or use their criteria to establish their 

priority lists (Miller et al. 2006). IUCN assesses species using criteria that are measures 

of threat (or risk of loss), for example, population size, rate of decline, and size of the 

distribution range (Mace et al. 2008, Pullin et al. 2013). Martín-López et al. (2011) argue 

that not only may this assessment process itself be biased in favor of listing species that 

are of scientific interest. Furthermore, it was also never meant as a primary tool to set 

conservation priorities, but rather intended for the identification of conservation actions.   

The Committee on the Status of Wildlife in Canada (COSEWIC) bases its assessment 

process on the IUCN methodology as well. This includes status assessments based 

primarily on the abundance, range, population size, and trend of decline, as well as a 

threat assessment (COSEWIC 2015a). While this approach is primarily applied to 

species or subspecies, COSEWIC may consider other designatable units (DUs, 

elsewhere termed Ecologically Significant Units (Crandall et al. 2000)) of species 

potentially at risk, if they are disjunct, or genetically or biogeographically distinct 

(COSEWIC 2015a). DUs under COSEWIC can be assessed using two criteria: 

distinctness, which is based on discreteness (genetic, disjunction, ecological), and 
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significance (phylogenetic divergence based on slow-evolving markers, unique 

ecological setting, disjunct occurrence; COSEWIC 2015b).  

Conservation resources (time, funding, human effort) are primarily allocated to species 

that have been designated “at risk” under legal schemes such as the Species at Risk Act 

(Government of Canada 2002). If a species is not categorized as legally “at risk”, 

priority may be determined by other conservation values such as cultural and social, but 

most commonly, economic / commercial (Mee et al. 2015). However, species that are 

widespread and common, and have no broad commercial, social or cultural value, 

essentially fall through the cracks of commonly applied prioritization processes and 

hence receive little to no conservation attention, a challenge that I will address here.  

Intraspecific units (i.e., populations) of any species are even less likely to be considered 

if the species are not deemed to be “at risk”. As a result, populations at the range 

periphery of common, widespread species may be overlooked. In some instances, 

however, they may be placed in an “at risk” category, if they are assessed based on one 

jurisdiction alone. While individual jurisdictions have sole control over the protection of 

species, there is no ecological reason to conserve edge populations solely on the basis of 

their location in the range or proximity to the range edge (Hardie & Hutchings 2010), or 

because political units in which species are managed are misaligned with their 

geographic ranges (Hunter & Hutchinson 1994).  

However, these edge populations may contain biologically unique variability. They may 
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be ecologically and / or genetically distinct, and contain significant ecological and 

evolutionary potential (Lesica & Allendorf 1995, Nantel & Gagnon 1999, Leppig & 

White 2006, Reisch 2008, Hampe & Jump 2011). Thus, certain range-edge populations 

may be of conservation significance and their loss could increase a species' extinction 

risk (Sgro et al. 2011) or limit future evolutionary potential. For the purpose of this 

thesis, conservation significance can be defined for a population as the population’s 

contribution to the species' genetic biodiversity, its adaptive potential (i.e., its locally 

adapted genotypes, or high levels of genetic diversity), its evolutionary potential 

(speciation potential), its resulting ecological distinctness, and its extirpation risk. 

4.1.1 Objectives 

Commonly used prioritization processes focusing on extinction risk, typically at the 

species level, do not capture the potential importance of peripheral populations, 

especially in widespread species. In the following, I argue for the consideration of 

peripheral populations in conservation decision-making, apply the COSEWIC risk 

assessment to peripheral populations of three common, widespread species, and propose 

a different, population-based, assessment for those species. My objectives are to (1) 

highlight the rationale and the challenges associated with considering peripheral 

populations in conservation, specifically of common, widespread species; (2) evaluate 

the usefulness of a commonly used risk assessment process (COSEWIC) to the 

conservation significance of three common, widespread arctic-alpine species (Anemone 

parviflora, Dryas integrifolia, Vaccinium uliginosum); and (3) propose a population-
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based approach to assess the conservation significance of such rear-edge populations.   
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4.2 Conservation of peripheral populations  

4.2.1 Potential conservation significance of peripheral populations  

Peripheral populations play an important role in the ability of a species to respond to 

environmental changes, by allowing range expansions into newly available habitats 

under a warming climate, and by their ability to respond to environmental change via 

natural selection (Bellard et al. 2012, Eizaguirre & Baltazar–Soares 2014). Peripheral 

populations may contain unique genotypes not present elsewhere within the range 

(Channell 2004, Hampe & Jump 2011). If gene flow between peripheral and other 

populations has been reduced for some time, due to dispersal limitations or local 

adaptation (Hardie & Hutchings 2010, Orsini et al. 2013, Shafer & Wolf 2013), 

peripheral populations will likely display some degree of genetic divergence. This would 

be expected to be greatest for refugial or relict populations, since the elapsed time for 

genetic divergence to have occurred is particularly long (Lesica & Allendorf 1995, 

Hampe & Petit 2005, Leppig & White 2006, Millar et al. 2010, Pfeifer et al. 2010, 

Dobrowski 2011, Hampe & Jump 2011, Provan & Maggs 2012, Hampe et al. 2013, 

Lepais et al. 2013, Woolbright et al. 2014, Kvist et al. 2015). 

In particular, rear-edge populations may be at high risk of disappearing quickly under a 

warming climate (Franco et al. 2006, Hampe & Jump 2011) and may be more prone to 

extinction than central and leading-edge populations (Vucetich & Waite 2003). 

However, they may contribute significantly to a species' adaptive potential or its ability 
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to respond to environmental changes (Franco et al. 2006, Millar et al. 2010, Pfeifer et al. 

2010, Hampe & Jump 2011, Provan & Maggs 2012).  

4.2.2 Challenges managing peripheral populations 

Peripheral populations of widespread species are rarely given conservation priority for 

several practical reasons. First, wide-ranging species are less frequently assessed than 

rare species because they are not expected to be “at risk”. Second, these species often 

cross multiple jurisdictions; range-edge populations are usually only assessed only if 

they are rare in one jurisdiction (e.g., rare in Canada). For example, of 280 terrestrial 

species classified as “at risk” by COSEWIC, 75% (224) were at their northern range 

limit (or periphery) in Canada (Gibson et al. 2009), but may not be threatened at the 

center of their ranges. Third, managing species across jurisdictional borders is 

administratively difficult. An inconsistency in including the entire range of species in 

assessments has resulted in peripheral populations either being automatically placed on a 

lower priority level (Fraser 1999), or categorized as rare at various administrative levels 

(NatureServe 2016). In some cases they are given high local threat status (Abeli et al. 

2009), and receive protection in individual jurisdictions without consideration at the 

species level. I will provide two case studies that illustrate the specific challenges 

surrounding management decisions for range-edge populations.  

The classification of range-edge populations in British Columbia has changed over time. 

Before 1992, peripheral populations of species were automatically excluded from the 
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Red List (highest conservation priority), regardless of the status of the species overall, 

and thus were excluded from becoming candidates for threatened or endangered status 

(Fraser 1999). This policy was based on the assumptions that populations at the center of 

the species' distribution were sufficient to conserve the species globally, and that 

populations occurring at the range edge were more likely to disappear, thus were not 

worth the investment of limited conservation resources (Fraser 1999). In an effort to 

recognize the potential genetic and ecological significance of edge populations, the 

policy was changed in 1992, using the precautionary approach; peripheral populations of 

species were now allowed on the Red List. In 2004, 912 out of 1327 range-edge taxa 

were on the province's Red and Blue Lists, and were considered priorities for 

conservation (Bunnell et al. 2004). Bunnell & Squires (2004) argue that this puts a strain 

on scarce conservation resources, and that conservation efforts for populations of a 

species at the continuous range edge, such as many of those in British Columbia, are 

mostly doomed to failure if they are also ecologically marginal (i.e., at the limits of the 

species' range of tolerance). The authors suggest that efforts should focus only on 

disjunct range-edge populations, because they have been isolated from the range center 

for longer, and are thus more likely to be genetically distinct and / or locally adapted, 

and more likely to survive (Bunnell & Squires 2004). Applying the precautionary 

principle to range-edge populations may be ideal, and an appropriate first strategy, but 

strategic investments of limited resources require further research to assess the actual 

conservation significance of such populations.  
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The Atlantic Coastal Plain Flora (ACPF) is an example where the protection of an entire 

assemblage of range-edge populations of species has been biologically justified. The 

ACPF is composed of approximately 90 species with central distributions along the 

Eastern USA, and disjunct populations along the Great Lakes and in Nova Scotia 

(Environment Canada & Parks Canada Agency 2010, Ciotir et al. 2013). Fifty of the 

ACPF species occur as disjuncts in southwestern Nova Scotia, over 700 km from the 

continuous range in southern New England and New Jersey (Clayden et al. 2010). In 

Nova Scotia, some ACPF species are legally protected under the provincial species at 

risk legislation (DNR 2015), as well as through federal legislation (Environment Canada 

& Parks Canada Agency 2010), even though they are classified as globally secure (e.g., 

Hydrocotyle umbellata, Potamogeton pulcher, Eleocharis tuberculosa, Clethra 

alnifolia). Other ACPF species that are protected in Nova Scotia are classified as 

globally vulnerable (e.g., Sabatia kennedyana (NatureServe 2016)). Considerable 

conservation resources have been invested in managing these Nova Scotian populations 

over many years, and the recovery plan for the ACPF outlines numerous actions 

required to maintain the ACPF in the province (Environment Canada & Parks Canada 

Agency 2010), but genetic and ecological significance of this flora remains to be 

confirmed. For example, if ACPF species originated only from refugia to the south, 

colonizing Nova Scotia through step-wise migration after deglaciation via long-distance 

dispersal events from points in the USA (Clayden et al. 2010), Nova Scotia ACPF 

populations may not be genetically distinct from the Eastern USA populations, and 
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would potentially be genetically impoverished as a result of founder events (Barrett et al. 

1991).  

Recently, Suarez-Gonzalez et al. (2015) proposed that populations of Sabatia 

kennedyana in Nova Scotia resulted from multiple founder events originating from 

offshore glacial refugia along the Atlantic Coast. While the putative refugium is now 

underwater (Dyke 2005, Shaw et al. 2006), genetic analyses  suggest that Nova Scotia 

populations of S. kennedyana are genetically distinct, more diverse, and older than the 

USA populations (Suarez-Gonzalez et al. 2015). Thus, populations of S. kennedyana in 

Nova Scotia may be relict populations “left behind” in suitable habitat in Nova Scotia 

during re-colonization after deglaciation. Consequently, their conservation significance 

is higher, and the population may be worthy of conservation investment. However, the 

history and conservation significance (i.e., genetic distinctness) for other species among 

the ACPF flora have yet to be investigated. 

The two examples presented above highlight the practical challenges in considering 

peripheral populations of widespread species. In basing conservation decisions on 

jurisdictional rarity, conservation resources could be wasted on populations of common 

species that are neither rare, nor biologically unique (BC example). Alternately, 

conserving peripheral populations may conserve distinct genotypes not present 

elsewhere in a species' range (ACPF example). There is currently no framework in place 

to assess populations of widespread species to ensure that resources are strategically 
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invested on genetically distinct populations, or populations of conservation significance. 
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4.3 Prioritization using extinction risk assessment  

The three species of interest, Dryas integrifolia, Anemone parviflora, and Vaccinium 

uliginosum, are common in Canada, and have widespread distributions (NatureServe 

2016). White Mountain Avens (Dryas integrifolia Vahl., Family Rosaceae, Fig. 1.2) is a 

long-lived, clonal, mat-forming evergreen dwarf shrub. In Atlantic Canada, the 

southernmost extent of the species' distribution occurs at Wilson Brook, New 

Brunswick, with a single population. The species is listed as globally and nationally 

secure, as S1 (five or fewer occurrences or very few remaining individuals) in New 

Brunswick, and S4 (uncommon but not rare) in Quebec and Newfoundland and 

Labrador (NatureServe 2016). Northern White Anemone (Anemone parviflora Michx., 

Family Ranunculaceae, Fig. 1.3) is a perennial clonal herb, and in the study region, it 

occurs along the Limestone Barrens in Newfoundland, and in the Tablelands. It is 

known from the Gaspé Peninsula, and from more than two locations in New Brunswick 

(Restigouche region, Wilson Brook), as well as from Nova Scotia. The species is listed 

as globally and nationally secure, as S1 in New Brunswick, S4 in Quebec, S5 (common 

and abundant) in Newfoundland and S3/S4 (S3 vulnerable to S4 apparently secure, 

fewer than 80 populations) in Labrador (NatureServe 2016). Northern Bilberry 

(Vaccinium uliginosum L., Family Ericaceae, Fig. 1.4) is a circumboreal dwarf shrub 

and occurs in the study region frequently in exposed areas in Newfoundland (along the 

Limestone Barrens, the Tablelands, and the Long Range Mountains), in the uplands of 

the Gaspé Peninsula, as individual clones on Mt. Carleton and Mt. Denis in New 
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Brunswick, and in the Cape Breton Highlands. It is also known to occur further south in 

the Appalachian mountain range. Some historical locations are also known in New 

Brunswick, PEI and Nova Scotia (ACCDC 2017). The species is listed as globally and 

nationally secure, as S1 in New Brunswick, and S5 in Quebec and Newfoundland and 

Labrador (NatureServe 2016). None of the species have been assessed by COSEWIC 

(COSEWIC 2015a). 

In the Canadian species' prioritization framework, which follows the IUCN Redlist 

guidelines (IUCN 2017), COSEWIC uses criteria that include (1) distribution, (2) 

population size, and (3) trends in either distribution or population size (Fig. 4.2). 

Common and widespread species are unlikely to be considered for any further 

assessment since COSEWIC usually assesses individual populations only of species 

potentially at risk as DUs. Based on these criteria, the three arctic-alpine species 

considered in this research (Dryas integrifolia, Anemone parviflora, and Vaccinium 

uliginosum) would not receive consideration. Their distribution is extensive and no 

declines in populations have been noted except in areas where their habitat has been 

affected, such as along the Limestone Barrens in Newfoundland, where the species 

occur at the continuous edge of their ranges. Based on these criteria, there does not 

appear to be any reason to invest in the effort required for a formal risk assessment. 

Further, the other values invoked to justify conservation (Fig. 4.1) raise few concerns, 

except that these species occur in unique habitats in New Brunswick, which are only 

represented in very few locations in the province (upland barren, calcareous ledges, 
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gypsum cliff). Since those are rare habitats in the jurisdiction and region, they, and their 

characteristic flora, are in and of themselves of conservation value (jurisdictional, 

biological) within the regions. No economic uses are known for D. integrifolia and A. 

parviflora; V. uliginosum berries and stems are used by indigenous peoples in the Arctic. 

While V. uliginosum may be economically and culturally valuable in the Arctic, since 

the species is highly uncommon at its rear range edge, there is no evidence for its value 

here.  
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4.4 Population-based assessment framework for peripheral populations of common 

species 

Because extinction risk assessments at the species level are rarely applied to common, 

widespread species, a population-based approach is needed to assess populations that 

may be important for the conservation of diversity within a species. This approach 

focuses on a population’s genetic or ecological contribution to a species' biodiversity 

first, and extirpation risk second. For range-edge populations, two concepts often used in 

this context are based on ecological distinctness where populations occur in unique 

habitats not found elsewhere, and genetic distinctness resulting from isolation and 

locally adaptation (Lesica & Allendorf 1995, Leppig & White 2006). Genetic isolation 

may occur by means of distance, ecology and environment, genetic drift, and adaptation 

(as defined by Shafer & Wolf (2013) and Wang & Bradburd (2014)). These factors may 

display complex interactions. For example, dispersal of both seeds and pollen can 

significantly affect gene flow, and thus degree of isolation (Duminil et al. 2007, Aguilar 

et al. 2008, Meirmans et al. 2011, Orsini et al. 2013, Abeli et al. 2014). Seeds and pollen 

often differ in vectors, and among species; dispersal vectors in turn are influenced by 

habitat fragmentation (Aguilar et al. 2008), or by landscape heterogeneity.  

The concept of DUs as defined by COSEWIC (2015b) uses discreteness (genetic 

distinctness, disjunction, local adaptation) and significance (genetically different, 

persistence in unusual ecological setting, sole disjunct surviving population, or one 

whose loss would cause disjunction). It has been used in Canada to assess populations of 
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Lake Whitefish (Coregonus spp.) across their entire range by Mee et al. (2015) based on 

taxonomic units, genetic lineages, traits (i.e., local adaptation) and biogeographic region; 

by Taylor et al. (2013) in setting conservation priorities for Lake Chub (Couesius 

plumbeus) in North America based on mtDNA lineages and physiological variation; and 

by Taylor et al. (2011) to prioritize Rainbow Trout (Oncorhynchus mykiss) populations 

in British Columbia based on ecological and evolutionary legacy. The concept of DUs 

has also been used by COSEWIC to recommend protection under SARA (Species at 

Risk Act) for populations of, e.g., Sockeye Salmon (Oncorhynchus nerka) in Sackinaw 

and Cultus Lakes (Government of Canada 2017). 

 
Such assessments that include range-wide genetics of widespread species may be 

feasible for species whose economic value is considerable (Taylor et al. 2011, Taylor et 

al. 2013, Mee et al. 2015), or for species at risk where conservation significance has 

already been identified (Pouget et al. 2016). However, assessments of DUs for 

widespread species that have no direct human or economic value, and / or that are not 

species at risk, may be much more difficult to justify. They may thus have to take a more 

targeted approach to data collection, or in some cases rely on existing data, which may 

be limited. These species may be considered at the regional level for at-risk populations. 

I propose the following process to guide strategic decision-making (Fig. 4.3). The first 

step is an evaluation of the population's biological or ecological value. Ideally, 

conservation priority would be based on genetic data. However, when (as is often the 
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case) genetic data are incomplete and only a portion of each species' range has been 

sampled, indirect factors affecting genetic distinctness should also be evaluated. Such 

indirect factors include a population's phylogeographic history (relict, refugial 

populations) and ecological distinctness (level of isolation). The second step is to assess 

the risk of extirpation. Together these two steps can be used to prioritize DUs for 

conservation management. 

4.4.1 Evaluating population genetic distinctness  

Populations are genetically distinct if they are significantly differentiated (i.e., high 

intra-population genetic divergence compared to other populations of the species). Since 

highly differentiated populations could be the result of genetic drift and / or inbreeding, 

differentiation alone would not confer high conservation priority.   

4.4.1.1 Direct predictors of genetic distinctness 

Genetic distinctness. As a first level of assessment, highest conservation priority should 

be given to populations that are known to be both genetically distinct and have high 

genetic diversity relative to other populations within the species' range. Their genetic 

distinctness infers value in terms of either evolutionary legacy such that a population 

represents a distinct lineage, or adaptive potential such that the populations' genetics 

contain the ability to respond to environmental change in the future (Moritz & Potter 

2013).  

Direct measures to assess genetic distinctness include differentiation (genetic distance as 
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an indicator of genetic divergence) among populations (Peakall & Smouse 2006, 2012). 

This can be expressed as FST or Φ'PT (depending on the analysis and molecular marker 

used). The classification proposed by Hartl & Clark (1997) would give highest 

differentiation to populations with mean FST values > 0.15.  

Collection of genetic data of suitable scope and rigor is both labor and resource 

intensive. Furthermore, genetic distinctness based on neutral markers does not 

necessarily infer adaptive potential, and genetic assessments using those markers need to 

be carefully approached. 

4.4.1.2 Indirect predictors of genetic distinctness 

In the absence of genetic data, genetic distinctness can be cautiously inferred from 

indirect evidence (Table 4.1). Indirect predictors can be used to assign intermediate 

conservation priority at a precautionary level, but also serve to guide further study, 

including increased sampling, targeted genetic analysis, and experimental manipulations 

such as reciprocal transplants. The following summary begins with the most practical 

and least costly forms of indirect evidence of distinctness, but also the most tentative. 

Glacial history. Phylogenetic data, if available, may be able to be used to infer the 

genetic variability and distinctness. The literature contains significant evidence that 

refugial and, in some cases, relict populations contain unique presence of unique 

genotypes and lineages (Petit 2003, Lepais et al. 2013). Determination of where species 

may have survived during the Last Glacial Maximum (LGM), or been left behind in the 
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re-colonization process after deglaciation (Meirmans et al. 2011), may also help to 

identify the range limit and verify its type (i.e., leading vs. rear edge). Refugial 

populations would be classified as high priority given their high likelihood of containing 

unique genetic variation both due to local adaptation, and / or because they contain 

unique lineages. Relict populations could be classified as intermediate given their age 

and possible local adaptation. However, further experimental or genetic analyses would 

be required to test the generalization that refugial and relict populations possess unique 

genetic variability. Small refugial or relict populations with a long history of isolation 

may contain low levels of genetic diversity as a result of genetic drift and inbreeding; 

these would be less significant to be considered for conservation. 

Ecological distinctness. Populations occurring in environments distinctly different from 

other locations may be adapted to local conditions, and thus contain unique genetic 

diversity not found elsewhere within the range (Mee et al. 2015). Confirmation of local 

adaptation in plant species would require further study such as  reciprocal transplant 

experiments to  to determine whether there is a home site advantage. High genetic 

differentiation would be assigned to populations that show high local adaptation 

compared to other populations. This could be determined for example through 

experimentally determined fitness-related traits, such as seed production and viability, 

that are associated with high adaptive potential. 

Geographic isolation. Genetic distinctness may be predicted by levels of geographic 
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isolation (Orsini et al. 2013), which can further be inferred from heterogeneity of the 

landscape (Wang & Bradburd 2014). Disjunct populations are generally defined by 

some level of geographical isolation. Restricted inter-population gene flow combined 

with local selection pressures are expected to result in local adaption (Hampe & Jump 

2011). However, like refugial or relict populations, geographically isolated small 

populations could also be prone to genetic drift and inbreeding depending on their 

population size and duration of their isolation.  

4.4.2 Assessing risk and final prioritization 

With either direct or indirect evidence that a population is of conservation significance, 

the second level of assessment (Table 4.1) is evaluating extirpation risk. The existing 

COSEWIC threat assessment process, based on population size and trends, provides a 

strong structure for this assessment (COSEWIC 2015a). Highest priority should be given 

to populations (1) that have been assigned high conservation priority on the basis of their 

genetic and ecological distinctness, and (2) for which there is clear evidence of 

imminent risk of extirpation. Intermediate priority would be given to those populations 

are inferred to be at risk but without supporting evidence.  

 

4.5 Case study: assessment of rear-edge, disjunct populations of three arctic-alpine 

species for conservation  

My research, summarized below, applies my proposed process for assigning 
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conservation priority (Fig. 4.3) to three common and globally widespread arctic-alpine 

species, Anemone parviflora, Dryas integrifolia and Vaccinium uliginosum. Although no 

reliable thresholds for genetic distinctness exist for the three species, my data provide 

sufficient understanding to rank the populations relative to other populations within the 

species' ranges (Table 4.2).  

4.5.1 Genetic distinctness (diversity and differentiation) 

Regardless of their glacial history, range-edge populations with high genetic diversity 

and high genetic differentiation may contain the bulk of a species' genetic diversity, and 

/ or unique local adaptations. Amplified Fragment Length Polymorphisms (AFLP) 

analysis (Table 2.5) showed that some, but not all, disjunct populations of A. parviflora 

and D. integrifolia contain high levels of genetic diversity. Populations of V. uliginosum 

showed variable levels of genetic diversity throughout the studied populations (Table 

2.5), but no evidence that any rear-edge population was genetically distinct. All disjunct 

populations of A. parviflora and D. integrifolia contained unique markers; however, 

because some but not all were significantly differentiated from most other populations, 

the results are inconclusive. Further, because neutral genetic markers were used and data 

on levels of local adaptation (i.e., presence of locally-adapted genotypes) are lacking for 

these populations, genetic distinctness can only be inferred for the populations studied. 

Relative genetic diversity (i.e., compared to all other populations) of disjunct 

populations of the three species is complex. For example, disjunct populations of D. 
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integrifolia showed a range of genetic diversities: high at Mount Logan (Table 2.5), 

medium at Wilson Brook, and low at the Tablelands. Genetic diversity of A. parviflora 

was high at both Wilson Brook and Tablelands populations, and low at the Restigouche 

population. The Mount Logan population of V. uliginosum showed high levels of genetic 

diversity, which was comparable to the edge and central populations. 

Genetic differentiation of the disjunct populations was also complex, with no consistent 

patterns among the species (Table 4.2). All disjunct populations of D. integrifolia, 

showed high levels of mean population differentiation from all other populations, while 

two of the A. parviflora populations were highly differentiated from almost all other 

populations. However, the disjunct population of V. uliginosum was not significantly 

differentiated from any other population. 

Overall, based on these measures, I suggest that the Wilson Brook and Tablelands 

populations of A. parviflora, and the Mount Logan and Wilson Brook populations of D. 

integrifolia are of high genetic significance compared to other populations sampled in 

this study (Table 4.2). However, this is evaluation must be interpreted with caution 

because all measures were based on neutral molecular markers, which evaluate only a 

small subset of the potential genetic diversity.   

4.5.2 Indirect predictors of genetic distinctness 

Glacial history 
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In North America, likely refugia have been identified for the LGM 23,000 to 18,000 

years ago (Shaw et al. 2006, Alsos et al. 2007). While none of my study populations are 

refugial populations, genetic analyses using Amplified Fragment Length Polymorphisms 

(AFLP, Chapter 2) suggest that the Wilson Brook and Mount Logan populations of D. 

integrifolia may be postglacial relicts; this is also supported by fossil evidence from 

presumed refugia south of the ice sheet during the LGM. The Wilson Brook population 

of A. parviflora may also be a relict, possibly having shared the same postglacial history 

as D. integrifolia; however, no fossil evidence of A. parviflora has been identified in 

areas in which D. integrifolia occurred during the LGM. The populations of V. 

uliginosum are unlikely to be relicts because there is evidence to suggest that the species 

re-colonized repeatedly after the LGM (Alsos et al. 2007, Eidesen et al. 2007). Further, 

V. uliginosum appears to maintain considerable gene flow across its range (Alsos et al. 

2007, Eidesen et al. 2007). On the basis of their glacial history (i.e., as probable relicts), 

I suggest that the Wilson Brook populations of A. parviflora and D. integrifolia be given 

intermediate conservation priority, higher than any of the other populations studied 

(Table 4.2).  

 
 
Geographic isolation  
 
Other predictors such as geographic isolation may be useful, as both distance and 

environment have been associated with increased divergence among populations (Orsini 

et al. 2013, Sexton et al. 2014). I tested distance, disjunction and human disturbance, all 
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potentially causes of genetic isolation, for their association with genetic variability using 

regression analysis (Chapter 2). I did not find that these measures of isolation could be 

used as indicators of genetic diversity and differentiation in rear-edge disjunct 

populations for A. parviflora, D. integrifolia and V. uliginosum. Only D. integrifolia 

showed an increase in genetic differentiation with distance to range edge, disjunction, 

and disturbance levels. 

The consistently high levels of genetic diversity with low levels of differentiation among 

edge populations of V. uliginosum, compared to those of D. integrifolia and A. 

parviflora populations, suggest consistently lower isolation that could be related to 

pollen or seed vectors. Fruit of V.uliginosum are adapted for animal dispersion, such as 

birds, whereas fruits of the other two are wind-dispersed; birds have been known to 

carry seeds over long distances (Viana et al. 2013) despite physical barriers among 

ecosystems, while wind as a dispersal vector is most effective in open landscapes such 

as the Arctic.  

Overall, the level of geographic isolation provides some evidence or potential genetic 

divergence, but since genetic data are available, this category does not change the 

assessment. The relationship between genetic patterns and these elements of isolation, 

especially dispersal ability, should be explored.  

4.5.3 Risk of extirpation with climate warming 

Detrimental impacts predicted for rear-edge populations of species under a warming 
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climate (Hampe & Petit 2005) are based on the assumption that environmental 

conditions at the rear edge are more severe than in other areas within a species' range, 

and may be at the species' limits of ecological tolerance (Gibson et al. 2009, Hampe & 

Jump 2011). In Chapter 3, I assessed risk of population extirpation in terms of the 

microclimate tolerance for individuals from disjunct populations of A. parviflora and D. 

integrifolia at Wilson Brook. I compared Wilson Brook to sites in their continuous 

range, and used an OTC experiment to understand the potential growth response of these 

populations to changes in temperature. Populations of both species appear to be 

relatively stable at Wilson Brook, with no detectable changes over three years. 

Microclimate at the study site did not differ significantly from the regional climate. 

Because temperatures at ground level are expected to be higher than standard regional 

temperature measurements (Ashcroft & Gollan 2013), this means that the Wilson Brook  

site is in effect cooler than typical at ground level during the growing season which may 

partially explain the persistence of the arctic-alpine populations there. The absence of 

significant changes in population growth in response to variable growing season 

temperatures over three years, along with the wide range of temperatures that they 

currently experience without obvious detriment, indicate that these populations tolerate 

considerable temperature variability, including events > 40 °C.  Together, the relatively 

cooler microclimate coupled with this tolerance may buffer them against immediate risk 

from a warming climate. Further assessments of trends in population changes over a 

longer time period would be needed to confirm the long-term risk. At this time, 
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extirpation risk for all populations is unknown but extirpation is not believed to be 

imminent (Table 4.2), thus none of the populations was given high conservation priority. 
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4.6 Conservation significance of disjunct, rear-edge, populations of three arctic-

alpine species 

While conservation significance of disjunct populations requires consideration of many 

factors, including some beyond the scope of this study (such as uniqueness of habitat in 

a regional context), my research and assessment, focused on genetic information and 

extinction risk, indicate that the disjunct populations of D. integrifolia, A. parviflora and 

V. uliginosum may not have high priority for conservation action (Table 4.2). Based on 

their likely history, and / or relatively high levels of genetic diversity and differentiation, 

and with the acknowledged limitations of my data (i.e., relatively low sample sizes and 

extent of range sampled), the Wilson Brook and Mount Logan populations of D. 

integrifolia, and the Wilson Brook and Tablelands populations of A. parviflora should 

be given intermediate conservation priority. Neither direct nor indirect evidence of 

genetic distinctness is compelling. There is no conclusive evidence that the disjunct 

populations of the three species are genetically distinct based on neutral genetic markers. 

Although the postglacial re-colonization histories of D. integrifolia and V. uliginosum 

are presumed to be similar, and Wilson Brook and Mount Logan populations may be 

relicts, this is not associated with genetic distinctness for V. uliginosum. In spite of their 

apparent isolation from all other populations, the Wilson Brook populations of A. 

parviflora and D. integrifolia are not significantly differentiated from them. Based on 

my results and the literature, it is clear that assumptions about using geographic isolation 

and phylogeographic history (i.e., relicts or refugial populations) to determine 
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conservation priority must be applied with care; they will require revision as new data 

become available.  

In terms of extirpation risk assessment of two of the disjunct populations at Wilson 

Brook, the temperature regimes experienced at this disjunct site are extremely variable 

and apparently not different from those at sites within the continuous range edge, 

suggesting that at least two of the species are tolerant of a broad range of microclimatic 

conditions. Within the limits of my results, neither of the disjunct rear-edge populations 

of D. integrifolia and A. parviflora at Wilson Brook appears to be at immediate risk 

from climate warming, however factors other than simple temperature tolerance must be 

considered. For example, sudden and heavy rainfall events predicted under climate 

change (Roy & Huard 2016) may accelerate the process of cliff erosion, causing a 

reduction in population size on this already strongly delimited slope.  
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4.7 Conclusion 

In summary, while rear-edge populations of common species are generally overlooked 

by assessments that focus on species' extinction risk, these peripheral populations may 

provide essential genetic diversity that could influence the response of the species to 

climate warming. Conservation priority assessments of rear-edge populations of wide-

ranging species should be based on, first, genetic distinctness and second, risk of 

extirpation. In the absence of direct evidence and using a precautionary approach, 

genetic distinctness may be inferred from indirect evidence, such as a species' 

phylogeographic or glaciation history, the level of geographic isolation of individual 

edge populations, as well as the population's occurrence in unique habitat compared to 

elsewhere within a species' range. Other predictors may be useful, but until such are 

identified and calibrated, evaluating phylogeography, and levels of isolation in relation 

to dispersal and population connectivity of rear range-edge populations will contribute to 

broadening understanding of their likelihood of being genetically or / and ecologically 

distinct. Future research should focus on establishing predictors of genetic distinctness, 

and should include an evaluation of my proposed assessment process using other 

peripheral populations, which will allow the process to be refined. 
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Tables  

Table 4.1. Decision matrix for the assessment of qualitative conservation priority (high, intermediate, low) of disjunct rear-edge 
populations: xxx = high, xx = intermediate, x = low. Direct evidence of high genetic uniqueness (genetic differentiation) and high 
genetic diversity within populations using molecular markers should be used as a priority to determine conservation priority (level 1). 
If genetic information is not available, or incomplete, predictors of distinctiveness could be used (level 2). Either level 1 or level 2 
provides information on the populations' priority. To determine the populations' conservation priority, risk of extirpation should be 
assessed as well (level 3). 

Level 1  
Direct evidence of 

distinctiveness1 

 Level 2  
Predictors of distinctiveness2 

Priority 
population3 

Level 3 
Risk of 

extirpation4 

Conservation 
priority5 

Genetic 
diversity6 

Genetic 
differentiation7 

Overall Refugial8 Relict9 Isolation10 

   xxx xxx xxx 
   

xxx yes & no high 
xxx xx xx 

   
xx yes intermediate 

  
 

   
xx no low 

xxx x xx 
   

xx yes & no low 
xx xxx xx 

   
xx yes high 

  
 

   
xx no low 

xx xx xx 
   

xx yes intermediate 

  
 

    
no low 

xx x x 
   

x yes & no low 
x xxx x 

   
x yes low 

x 
 

x 
    

no low 
x xx x 

   
x yes & no low 

x x x 
   

x yes & no low 



 

 

 

237 

 
     

Level 1  
Direct evidence of distinctiveness1 

Level 2  
Predictors of distinctiveness2 

Priority 
population3 

Level 3 
Risk of 

extirpation4 

Conservation 
priority5 

Genetic 
diversity6 

Genetic 
differentiation7 

Overall Refugial8 Relict9 Isolation10 

   
  

 
    

no low 

  
 no yes xxx xx yes intermediate 

  
 

    
no low 

  
 no no xxx - x x yes & no low 

 

1 The first level of assessment is provided by direct evidence of genetic variability via molecular markers (genetic diversity & genetic 
differentiation).  
2 If direct genetic information derived from molecular markers is not available, populations can be assessed as to their 
phylogeographic history (refugial or relict populations), and / or their level of isolation. Those inferences, without direct evidence, 
should receive only intermediate conservation priority status. 
3 A populations' significance to the overall diversity of the species. 
4 A populations' likelihood of extirpation, based on an assessment of risk. 
5 Conservation priority based on the populations' overall significance, as well as its risk of extirpation. If the risk of extirpation is 
unknown, conservation significance will equal the populations' overall status. 
6 Level of genetic diversity as determined by molecular markers. This measure is relative to all populations sampled. 
7 Level of genetic differentiation, as measured by molecular markers, to determine genetic divergence from all other populations 
sampled. 
8 Refugial populations are those that survived glaciations in isolated locations and may hold unique genetic diversity (levels of 
diversity and unique markers) 
9 Relict populations have been isolation after deglaciation in the re-colonization process, and may retain unique genetic variation. 
10 A high level of isolation could indicate a population that does not receive gene flow, and / or where local adaptation has occurred, 
resulting in unique genetic variation. 
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Table 4.2. Qualitative conservation priority (high, intermediate, low) of disjunct rear-edge populations of Dryas integrifolia (Di), 
Anemone parviflora (Ap), and Vaccinium uliginosum (Vu) based on proposed criteria, as described in text; xxx = high, xx = 
intermediate, x = low; Pop = population (WB, Wilson Brook; ML, Mount Logan; TL, Tablelands; RS, Restigouche), described in 
Chapter 1. Direct evidence of high genetic distinctness would place a population in a high conservation priority. See Table 4.1 for 
details. 

Sp. Pop.1 
Level 1  
Direct evidence of 
distinctiveness 

 
Level 2  
Predictors of distinctiveness 

Conservation 
priority3 

  

Genetic 
diversity 

Genetic 
differentiation2 

Overall 
genetic Refugial Relict Isolation 

 Di WB xx xx xx no possible xxx intermediate 

 
ML xxx xx xxx no possible xx intermediate 

 
TL x xxx x no no xx low 

Ap WB xxx xx xxx no possible xxx intermediate 

 
RS x xxx x no no xx low 

 
TL xx xx xx no no xx intermediate 

VU ML xxx x x no no x low 
 
1 All populations are currently located within legally protected areas (Wilson Brook Protected Natural Area, Parc national de la 
Gaspésie (Mount Logan), and Gros Morne National Park (Tablelands). 
2 Although my results suggest high priority due to high levels of genetic differentiation, since neutral genetic markers were used, 
genetic uniqueness is inferred, and thus the priority category was lowered to intermediate.    
3 My research showed no immediate high risk to any populations, thus extirpation risk was not included in this table, and populations 
were not placed in a high conservation priority category as a result.
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Figures 

 

 

 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1. Categories of values potentially influencing the setting of conservation 
priorities for species at risk. 
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Figure 4.2. Modified species assessment process as used by COSEWIC, following 
IUCN methodology (COSEWIC 2015a). See COSEWIC (2015a) for detailed 
descriptions of each category.  
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Figure 4.3. Proposed process to assess the conservation significance of rear-edge 
populations of common, wide-ranging species. While the ideal criteria for biological 
value and hence conservation significance would be genetic characteristics, both 
historical and ecological distinctness may indirectly indicate genetic distinctness. 
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Chapter 5 - Living at the edge - summary 

This thesis is built on the premise that peripheral populations, specifically those at the 

rear range edge, may contain adaptive potential in the form of genetic variability that 

could allow species to respond more successfully to climate change (Lesica & Allendorf 

1995, Channell 2004, Hampe & Jump 2011). Although most research linking peripheral 

populations to species' vulnerabilities to climate change has focused on leading range 

edges, there is evidence of the evolutionary significance of disjunct and refugial 

populations (Lesica & Allendorf 1995, Nantel & Gagnon 1999, Leppig & White 2006). 

Assessing conservation significance is complex, partly because criteria have not been 

clearly established to assess peripheral populations. Furthermore, such assessments are 

rarely carried out for common, wide-ranging species, mainly because common species 

are not typically at risk of extinction – the primary criterion of current systems for 

setting conservation priorities (Bottrill et al. 2008, Martín-López et al. 2011). My work 

contributes to a better understanding of how such an assessment could be carried out for 

peripheral plant populations.  

This research was motivated by concern over the risk to rear-edge, disjunct New 

Brunswick populations under climate change. I wanted to determine whether rear-edge 

populations of three wide-ranging, arctic-alpine species (Anemone parviflora, Dryas 

integrifolia, Vaccinium uliginosum) were “worth conserving” based on their genetic 

distinctness. I evaluated their conservation significance in terms of genetic distinctness, 

and potential predictors of genetic distinctness as to their usefulness. Working 
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specifically with two disjunct populations of A. parviflora and D. integrifolia at Wilson 

Brook, NB, I evaluated their extirpation risk. I considered the challenges in assessing 

peripheral populations' conservation significance by first applying a standard approach 

(extinction risk assessment process (COSEWIC 2015, IUCN 2017). I then applied a 

proposed population-based approach based on criteria that would be meaningful for 

peripheral populations of wide-ranging, common species: genetic distinctness, 

ecological distinctness, and extinction risk.  

5.1.1 Genetic distinctness 

Genetic distinctness has been proposed as an important criterion for identifying the 

conservation significance of range-edge populations (Leppig & White 2006). High 

levels of genetic diversity presumably confer high evolutionary and adaptive potential 

because a larger gene pool increases the likelihood that adaptive variation is present 

(Kirk & Freeland 2011). High levels of among-population genetic variability suggest 

that local adaptation, or unique genotypes, may be present. Range-edge populations that 

have both high within-population genetic diversity and show high levels of population 

genetic differentiation presumably have high conservation significance. 

In Chapter 2, I documented genetic diversity in populations of D. integrifolia, Anemone 

parviflora and Vaccinium uliginosum, using Amplified Fragment Length 

Polymorphisms (AFLP) as molecular marker, across the range edge of the species in 

Atlantic Canada, including central populations (except for A. parviflora), and disjunct 

populations. All species displayed considerable genetic diversity in most populations. 
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Some disjunct populations of D. integrifolia and A. parviflora showed significant 

differentiation from all other populations, while there was negligible among-population 

genetic diversity among all populations of V. uliginosum. 

Assessing genetic distinctness in the context of conservation significance of rear-edge 

disjunct populations may be difficult even when some genetic information is available, 

because neutral genetic variation (e.g., AFLP) does not necessarily reflect adaptive 

genetic variation (Reed & Frankham 2001). It appears that disjunct populations of these 

three species are not genetically distinct based on the AFLP analysis. However, the 

significance of their genetic variation requires determining whether locally adapted 

genotypes are present within these populations. 

5.1.2 Association of ecological and demographic traits with genetic variability 

In the absence of reliable genetic data, and to simplify assessments of rear-edge, disjunct 

populations, it would be useful to identify predictors of genetic distinctness. Such 

predictors, if they exist, would be expected to differ with life form, history, or overall 

distribution patterns. In Chapter 2, I tested for an association of genetic variability with 

various ecological and demographic factors for A. parviflora, D. integrifolia and V. 

uliginosum, at the rear range edge. These three species share a similar distribution range, 

rear-edge distribution, phylogeographic history (D. integrifolia and V. uliginosum), and 

some life history traits. Patterns of genetic diversity were not associated with factors 

such as geographic distance, disjunction, and disturbance for all three species, although 

disjunct populations of A. parviflora and D. integrifolia showed higher levels of mean 
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among-population genetic diversity than populations from the range edge and center. 

Undisturbed populations of these two species also showed higher pairwise mean genetic 

differentiation than both recovering and disturbed sites. Despite some similarities among 

the species, I did not find a general characteristic that could easily be used as an 

indicator for genetic variability among and within rear-edge populations. While isolation 

factors presumably affect gene flow (Sexton et al. 2014) and thus genetic distinctness, 

the mechanisms may be more complex than simple geographical distance. For example, 

geographic or environmental isolation can vary with pollen or seed dispersal vectors. 

Further research into any putative predictors associated with isolation should be a 

priority. 

5.1.3 Extinction risk from climate warming? 

Populations of species at range edges, particularly the rear edges, may be at risk of 

extirpation under a warming climate (Lesica & Allendorf 1995, Hampe & Petit 2005). In 

Chapter 3, I assessed the microclimate of Wilson Brook, where A. parviflora and D. 

integrifolia occur in disjunct populations, and undertook a warming experiment to 

understand the potential response of these populations to warming associated with 

climate change. I measured microclimatic conditions over three years, and compared 

them to a site within 15 km, and another 750 km further to north (believed to be more 

similar to the center of distribution). These local microclimates were also compared to 

coarser regional climate data for context. Microclimate did not differ significantly from 

the regional climate suggesting that the site has a local cooling effect, given that 

microclimate is expected to differ significantly from standardized observations due to 
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the influence of slope, aspect, soil, and other factors that influence temperature at ground 

level (Geiger et al. 2009). 

While the warming experiment did not raise temperatures as expected, no significant 

changes in population growth were detected over three years, inside or outside the OTCs 

in response to naturally or experimentally varied temperatures. Overall, the Wilson 

Brook populations of both species appear to be relatively stable. Other factors that 

influence the local habitat, such as the instability and type of substrate (gypsum) or 

biotic interactions, may play important roles in the persistence of these populations. For 

conservation purposes, these populations appear to be stable in the short term and a 

warming climate may not pose an immediate risk. Monitoring may aid in evaluating 

population changes, and factors such as erosion at the site, over time. 

5.1.4 Assessing the conservation significance of peripheral populations 

Given limited resources, prioritization is necessary, and is mostly undertaken as a triage, 

identifying species most urgently in need of attention (Bottrill et al. 2008, Pullin et al. 

2013). Range-edge populations of wide-ranging species are not commonly assessed as to 

their conservation significance. While jurisdictions in which a species may be regionally 

rare sometimes include peripheral populations in their priority lists (Bunnell et al. 2004, 

Channell 2004), jurisdictional rarity in itself should not be a reason to prioritize species 

for conservation (Hardie & Hutchings 2010). In Chapter 4, I make the case for 

considering peripheral populations of common species in conservation decision-making, 

because they may provide important genetic diversity to increase a species' capacity to 
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respond to climate change (Hampe & Jump 2011, Bellard et al. 2012, Eizaguirre & 

Baltazar–Soares 2014). I show how the commonly used prioritization process based on a 

species' extinction risk, used by the IUCN and COSEWIC in Canada (Mace et al. 2008, 

COSEWIC 2015, IUCN 2017), has limited usefulness for assessing range-edge, disjunct 

populations of widespread species, and I propose a population-based assessment process 

using genetic distinctiveness, ecological distinctness and extinction risk as criteria. 

While the proposed type of assessment may be appropriate, in the absence of sufficient 

data, using a precautionary approach in managing rear-edge disjunct populations would 

be a first step.  
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5.2 Implications of my findings 

My research contributes new information on patterns of genetic diversity in rear-edge, 

disjunct populations of arctic-alpine species in Eastern Canada, and provides some new 

insights into their complex genetic patterns. Through the identification of putative 

lineages, I speculate on the mixing of lineages from the north and south in 

Newfoundland, adding new, fine-scale information for D. integrifolia, V. uliginosum and 

A. parviflora. Supporting previous findings, I have not found reduced genetic diversity 

in most of the rear-edge disjunct populations, and have shown that even for species that 

are presumed to have followed the same re-colonization patterns after deglaciation (e.g., 

D. integrifolia and V. uliginosum), genetic diversity patterns can differ considerably, 

possibly associated with life history traits. Specifically, my genetic analysis has revealed 

some new information about disjunct rear-edge populations of D. integrifolia and A. 

parviflora. The relative high genetic diversity of D. integrifolia at Mount Logan might 

make this population important to monitor. Low diversity of an A. parviflora population 

at Restigouche suggests a founder event in that location, as did the low genetic diversity 

of D. integrifolia at Tablelands. The populations of D. integrifolia and A. parviflora at 

Wilson Brook are not genetically impoverished as expected due to their isolation. This 

information is new, and can be used to focus future research, and support management 

decisions for those populations. 

I confirmed that the microclimate at Wilson Brook is cooler than the regional climate, 

partially explaining the persistence of D. integrifolia and A. parviflora (and other arctic 

species) at this site 300 km away from the nearest population of either species, and over 
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400 km south of their continuous range edge. Although based on only three years' data, 

my results indicate these two species are demographically stable at the site. While there 

does not appear to be an immediate extirpation risk for those populations, this research 

provides a baseline for site managers to continue monitoring Wilson Brook as the 

climate warms to understand if the population size is indeed stable. 

In Chapter 4, I argued that disjunct populations of common widespread species are 

worth assessing, because they may have genetic variability that potentially aids the 

species to respond to climate change. I demonstrated that the commonly used 

prioritization based on a species' extinction risk assessment is not useful in assessing 

disjunct populations of common, widespread species, and I proposed a new population-

based approach, using genetic distinctness and ecological distinctness, as well as 

extirpation risk, as criteria, which will require further testing and refining. The template 

developed will be helpful in compiling direct and indirect evidence of genetic 

distinctness, and thus aid in making decisions about conservation and research needs for 

specific disjunct populations. 
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5.3 Future directions 

In order to refine the proposed process for assessing rear-edge disjunct populations of 

widespread species, and because critical processes are likely to vary among species and 

populations, studies must consider a larger number of species and more populations in 

assessments of patterns, and the relationship of factors such as isolation (genetic, 

geographic, ecological) with genetic variability patterns at the rear edge. Research 

focused on predictors of genetic distinctiveness of peripheral (particularly disjunct) 

populations may be costly in the short-term, but allow for quicker assessments in the 

long-term. This may help to identify patterns that can refine my proposed approach. In 

addition, assessing the adaptive capacity of disjunct, rear-edge populations is essential. 

To assess adaptive genetic diversity, which is an active field of research (Pauls et al. 

2013), two approaches can be used. Genetic markers that provide information about 

adaptive genetic variation (or where loci under selection, or quantitative trait loci (QTL) 

can be easily identified), and thus levels of local adaptation (e.g., SSRs, microsatellites 

and next-generation sequencing of single nucleotide polymorphisms) could be used. 

Alternately, common garden or reciprocal transplant experiments could be used to 

identify genotypic differences and levels of local adaptation by testing for fitness-related 

trait differences among populations, a methodology that has been used successfully for 

many years. My proposed assessment process could help identify and prioritize 

populations for transplant experiments that may contain local adaptation. As more 

research is carried out on disjunct rear-edge populations of common species, predictors 

of genetic and ecological distinctness should be assessed. Research should focus on 
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exploring the contribution of isolation, resulting, for example, from dispersal limitations, 

as possible predictor variables.  

Specifically, the D. integrifolia and A. parviflora (and possibly other arctic-alpine 

species) populations at Wilson Brook should be evaluated as to the presence of local 

adaptations. The site is ecologically unique, and if locally adapted genotypes are present, 

it would support the case for continued monitoring of the site, to better evaluate 

immediate risks posed by the eroding cliff face. The population of D. integrifolia at 

Mount Logan should also receive further attention: is the population's level of genetic 

diversity indicative of a meta-population in these mountains? Is the population at risk as 

warming may cause more temperate species to move upwards in altitude and potentially 

out-compete the arctic species found at the location? If the Mount Logan population is 

part of a meta-population, extirpation of one of these populations may not be as critical. 

On the other hand, if the population is at risk from encroaching vegetation, then a careful 

consideration of all populations could identify those most likely to persist in a warming 

climate. The arctic-alpine species that are part of the Limestone Barrens ecosystem 

should also receive attention: is there a similar pattern in putative lineages in these 

species as I suggested for D. integrifolia? If the re-colonization scenario I proposed for 

that region is correct, we would expect that other species recolonized the area from the 

refugia to the south and north, and would therefore show similar lineage patterns.  

Peripheral populations have long been of interest to conservation biology, especially as 

bellwethers of climate change, which is already impacting species' range edges. While 
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conservation resources may remain limited and focus will likely remain on species' risk 

of extinction, in the context of climate change, rear-edge disjunct populations of 

widespread, common species, should not be ignored and require more attention, given 

their potential role in allowing species to respond to the coming changes. Range-edge 

populations will likely receive more attention as the climate warms, when we start 

seeing the first losses of such populations. In the meantime, identifying potentially 

important range-edge populations is feasible for many species as data on regional 

occurrences exist through the Conservation Data Centres across Canada (NatureServe 

2016). While insufficient data will always be an issue, those edge populations that are 

classified as rare (S1 or S2) could be identified to conservation authorities, as well as 

university researchers. A protocol could help identify the critical information needed 

(DNA samples, extirpation risk, population trends) to start building a bank of samples 

and information that at least could be available if funding and interest increase.  
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Appendices 

Appendix 2.1. Binary matrix file (excerpt) of Dryas integrifolia used in AFLP analysis 
of within- and among-population genetic diversity, including sample identification, 
sampling location, latitude and longitude coordinates, and presence or absence of bands 
for one primer pair.  
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Pr
im

A
35
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DIL2.02 Torngat 58.45683 -62.80534 0 1 0 0 0 0 1 0 1 

DIL2.04 Torngat 58.45683 -62.80534 1 1 0 0 1 0 1 0 0 

DIL2.06 Torngat 58.45683 -62.80534 1 1 0 0 1 0 1 0 0 

DIL2.13 Torngat 58.45683 -62.80534 1 1 1 0 0 0 1 0 0 

DIL2.14 Torngat 58.45683 -62.80534 1 1 0 0 0 0 1 0 0 

DIL2.15 Torngat 58.45683 -62.80534 1 1 1 0 1 0 1 0 0 

DIL2.16 Torngat 58.45683 -62.80534 0 1 0 0 0 0 1 0 0 

DIL2.20 Torngat 58.45683 -62.80534 1 1 1 0 0 0 1 0 0 

DIL2.24 Torngat 58.45683 -62.80534 1 1 0 0 0 0 1 0 0 

DI201 
Burnt 
Cape 51.57838 -55.74734 0 1 0 0 0 0 1 0 0 
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Appendix 2.2. Population genetic parameters for sampled populations of Anemone parviflora (a), Dryas integrifolia (b) and Vaccinium 
uliginosum (c) listed from north to south, identified as central, edge or disjunct populations; n = number of individuals sampled per 
population; # of bands = number of AFLP bands present across all primer combinations; PB = number of private / unique bands; %P = 
percent polymorphic loci. In addition, the following are reported for comparison purposes: He = expected heterozygosity following 
Lynch and Milligan (1994) and assuming complete outcrossing; PLP1% = percent polymorphic loci at 1%; I = Shannon Information 
Index; Pb(2/4/4) = allelic richness calculated using the rarefaction to two/four/four individuals; AE = effective number of alleles; 
D(2/4/4) Nei's gene diversity (AFLPDat). See Table 2.5 for details on metric calculations and programs used. 

 

Range 
group Population n # 

bands PB %P He (±SE) PLP 
1% I (±SE) Pb(2/

4/4) AE (±SE) 
 

D(2/4/
4) 

(a) Anemone parviflora           
Edge Burnt Cape 4 121 1 37.35 0.135 (0.015) 41.55 0.202 (0.021) 1.209 1.231 (0.027) 0.187 
 Cooks Harbour 6 109 0 39.16 0.134 (0.015) 42.80 0.202 (0.021) 1.171 1.228 (0.027) 0.259 
 Sandy Cove 2 105 0 33.73 0.140 (0.015) 31.05 0.204 (0.022) 1.311 1.239 (0.026) 0.337 
 Port-au-Choix 5 130 2 66.87 0.239 (0.015) 71.80 0.357 (0.022) 1.344 1.408 (0.029) 0.392 
 Bellburns 2 94 0 33.13 0.137 (0.015) 39.20 0.200 (0.022) 1.288 1.234 (0.026) 0.331 
Disjunct Tablelands 4 123 1 46.39 0.181 (0.016) 47.50 0.265 (0.023) 1.235 1.321 (0.031) 0.139 
 Restigouche 4 95 0 10.24 0.037 (0.011) 10.80 0.056 (0.013) 1.080 1.060 (0.015) 0.096 
 Wilson Brook 8 126 2 57.83 0.205 (0.016) 56.10 0.306 (0.023) 1.221 1.356 (0.030) 0.271 
 Mean 4 113  40.15 0.151 42.60 0.224 1.232 1.260 0.252 
 SE 0.7 5  6.06 0.005 16.64 0.008 0.03 0.010 0.097 
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(b) Dryas integrifolia           
Centre Torngat 9 193 4 69.69 0.205 (0.012) 69.70 0.317 (±0.016) 1.463 1.339 (0.022) 0.180 
Edge Burnt Cape 6 161 0 55.51 0.173 (0.011) 55.50 0.267 (±0.017) 1.471 1.279 (0.02) 0.257 

 Cooks Harbour 6 130 0 38.98 0.124 (0.011) 38.20 0.190 (±0.016) 1.36 1.205 (0.02) 0.210 
 Sandy Cove 4 120 0 33.07 0.116 (0.011) 33.10 0.175 (±0.016) 1.327 1.197 (0.021) 0.177 
 Port-au-Choix 10 144 0 45.28 0.125 (0.011) 45.30 0.196 (±0.015) 1.314 1.198 (0.018) 0.166 
 Bellburns 10 121 2 31.89 0.09 (0.01) 24.80 0.141 (±0.015) 1.202 1.149 (0.018) 0.096 

Disjunct Tablelands 9 122 1 30.71 0.088 (0.01) 25.60 0.137 (±0.014) 1.194 1.143 (0.018) 0.088 
 Mount Logan 8 179 1 64.57 0.196 (0.011) 63.00 0.304 (±0.016) 1.499 1.312 (0.02) 0.315 
 Wilson Brook 11 144 2 44.88 0.13 (0.011) 41.70 0.203 (±0.016) 1.313 1.208 (0.019) 0.186 
 Mean 8 146  46.06 0.139 44.10 0.214 1.345 1.226 0.186 
 SD 0.8 9  4.78 0.014 5.30 0.022 0.04 0.023 0.071 

(c) Vaccinium uliginosum           
Centre Torngat 11 184 1 70.35 0.181 (0.011) 58.20 0.288 (0.016) 1.441 1.243 (0.022) 0.429 

 Nain 10 149 0 58.41 0.169 (0.012) 51.00 0.261 (0.018) 1.369 1.25 (0.025) 0.376 
Edge Burnt Cape 7 144 0 49.12 0.147 (0.012) 42.30 0.227 (0.017) 1.369 1.207 (0.023) 0.363 

 Cooks Harbour 4 126 0 38.94 0.136 (0.012) 32.50 0.205 (0.018) 1.389 1.192 (0.023) 0.389 
 Sandy Cove 7 140 0 51.33 0.16 (0.013) 42.30 0.245 (0.018) 1.381 1.238 (0.025) 0.327 
 Port-au-Choix 10 171 2 65.93 0.18 (0.012) 53.60 0.282 (0.017) 1.414 1.256 (0.025) 0.407 
 Bellburns 10 156 1 56.19 0.155 (0.012) 47.40 0.243 (0.017) 1.354 1.213 (0.023) 0.358 
 Tablelands 11 173 0 64.16 0.176 (0.012) 53.10 0.276 (0.017) 1.41 1.239 (0.023) 0.425 

Disjunct Mount Logan 10 166 1 65.49 0.187 (0.012) 56.20 0.29 (0.017) 1.429 1.278 (0.025) 0.398 
 Mean 9 157  57.77 0.166 48.51 0.257 1.395 1.235 0.386 
 SE 0.8 6  3.33 0.006 2.74 0.010 0.010 0.009 0.033 

Mean correlation coefficient    0.82 0.84 0.82 0.86 0.65 0.73 0.57 
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Appendix 2.3. Independent sample t-test comparing the %P per population with the mean %P for all populations per species. 

                                      Anemone parviflora Dryas integrifolia Vaccinium uliginosum 
Population %P t-value p-value %P t-value p-value %P t-value p-value 
Torngat - - - 0.70 -4.923 0.001 0.70 -3.766 0.005 
Nain - - - - - - 0.58 -0.135 0.896 
Burnt Cape 0.37 0.574 0.584 0.56 -2.026 0.077 0.49 2.589 0.032 
Cooks Harbour 0.39 0.246 0.813 0.39 1.496 0.173 0.39 5.615 < 0.001 
Sandy Cove 0.34 1.066 0.322 0.33 2.739 0.026 0.51 1.984 0.083 
Port-au-Choix 0.67 -4.346 0.003 0.45 0.253 0.807 0.66 -2.555 0.034 
Bellburns 0.33 1.230 0.258 0.32 2.946 0.019 0.56 0.471 0.65 
Tablelands 0.46 -0.902 0.397 0.31 3.154 0.013 0.64 -1.950 0.087 
Mount Logan - - - 0.65 -3.890 0.005 0.65 -2.253 0.054 
Restigouche 0.1 5.002 0.002 - - - - - - 
Wilson Brook 0.58 -2.870 0.024 0.45 0.253 0.807 - - - 
df 

 
7 

  
8 

  
8 

 Mean 0.41 
  

0.46 
  

0.58 
  SD 0.17 

  
0.14 

  
0.10 
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Appendix 2.4. Correlation coefficients of mean population genetic metric above diagonal, P-values below diagonal; a) including 
populations from all three species Anemone parviflora, Dryas integrifolia and Vaccinium uliginosum (# of populations = 26); b) 
excluding A. parviflora populations (# of populations = 18); n = number of individuals (all per population), bands = number of AFLP 
bands present across all primer combinations, PB = number of private / unique bands, %P = percent polymorphic loci, He = expected 
heterozygosity, PLP1% = percent polymorphic loci at 1%;, I = Shannon information index, Pb = Allelic richness (rarefied), AE = 
Effective number of alleles, D = Nei's gene diversity (rarefied), Φ'PT = mean pairwise population genetic differentiation. See text and 
Table 2.4 for details on metrics. 

a) n bands PB %P He PLP1% I Pb AE D Φ'PT 
n 

 
0.71 0.38 0.56 0.20 0.35 0.28 0.34 0.02 0.15 -0.10 

bands 0.000 
 

0.40 0.86 0.60 0.72 0.66 0.82 0.40 0.42 -0.29 
PB 0.057 0.042 

 
0.43 0.41 0.46 0.42 0.11 0.45 -0.16 0.48 

%P 0.003 0.000 0.028 
 

0.90 0.94 0.94 0.77 0.75 0.64 -0.26 
He 0.321 0.001 0.040 0.000 

 
0.95 1.00 0.65 0.95 0.61 -0.12 

PLP1% 0.080 0.000 0.017 0.000 0.000 
 

0.96 0.68 0.89 0.51 -0.06 
I 0.169 0.000 0.034 0.000 0.000 0.000 

 
0.69 0.93 0.62 -0.15 

Pb 0.094 0.000 0.599 0.000 0.000 0.000 0.000 
 

0.47 0.63 -0.47 
AE 0.932 0.044 0.020 0.000 0.000 0.000 0.000 0.016 

 
0.40 0.11 

D 0.464 0.035 0.446 0.001 0.001 0.007 0.001 0.001 0.043 
 

-0.66 
Φ'PT 0.626 0.157 0.014 0.197 0.557 0.774 0.464 0.015 0.587 0.000 
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b) n bands PB %P He PLP1% I Pb AE D Φ'PT 
n 

 
0.47 0.43 0.46 0.21 0.33 0.26 -0.10 0.10 0.12 0.11 

bands 0.050 
 

0.43 0.96 0.91 0.96 0.93 0.79 0.86 0.50 -0.06 
PB 0.075 0.078 

 
0.29 0.22 0.32 0.24 0.03 0.33 -0.28 0.60 

%P 0.057 0.000 0.243 
 

0.96 0.94 0.97 0.82 0.85 0.67 -0.28 
He 0.400 0.000 0.371 0.000 

 
0.95 1.00 0.92 0.94 0.67 -0.28 

PLP1% 0.186 0.000 0.194 0.000 0.000 
 

0.96 0.87 0.94 0.48 -0.07 
I 0.302 0.000 0.341 0.000 0.000 0.000 

 
0.91 0.93 0.67 -0.27 

Pb 0.703 0.000 0.909 0.000 0.000 0.000 0.000 
 

0.90 0.64 -0.31 
AE 0.696 0.000 0.179 0.000 0.000 0.000 0.000 0.000 

 
0.40 -0.01 

D 0.646 0.035 0.263 0.002 0.002 0.044 0.002 0.004 0.099 
 

-0.84 
Φ'PT 0.672 0.824 0.009 0.259 0.263 0.775 0.269 0.208 0.976 0.000 
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Appendix 2.5. STRUCTURE analysis results determining the optimal number of K 
using the ∆K method by Evanno et al. (2005). # K = number of K analyzed; Reps = # of 
replicates; LnP(K) = Variation in mean (± SD); Variations in LnP(D) and ΔK over the 
estimates of K were calculated using Structure Harvester v.0.6.92 for Dryas integrifolia. 
The STRUCTURE analysis was performed using 50,000 iterations as burn-in followed 
by 100,000 iterations, running 10 replicates for a set of genetic clusters (K) one to 10. 
The no-admixture model with correlated allele frequencies was used.  

# K Reps 
Mean 

LnP(K) 
Stdev 

LnP(K) Ln'(K) |Ln''(K)| Delta K 
a) Dryas integrifolia 

    1 10 -9051.58 7.07 NA NA NA 
2 10 -7548.39 119.17 1503.19 170.30 1.43 
3 10 -6215.50 11.13 1332.89 1564.85 140.65 
4 10 -6447.46 184.70 -231.96 0.13 0.00 
5 10 -6679.29 192.42 -231.83 4.17 0.02 
6 10 -6906.95 345.14 -227.66 75.67 0.22 
7 10 -7058.94 531.54 -151.99 58.13 0.11 
8 10 -7152.80 331.34 -93.86 376.26 1.14 
9 10 -6870.40 344.56 282.40 650.75 1.89 
10 10 -7238.75 407.43 -368.35 NA NA 
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Appendix 3.1. Microclimate variable calculations 

 

a) Growing degree days (GGDD) 

 GDD= ((Tmax+Tmin)/2)-Tbase 

where Tmax equals the daily maximum temperature, Tmin equals the daily 

minimum temperature, and Tbase is the base or threshold temperature for metabolism 

(here 5 ºC is used). If the mean daily temperature (Tmax–Tmin/2) is lower than the base 

temperature (Tbase) then GDD = 0. 

b)  Vapour pressure deficit (VPD) 

This is calculated using the following equations (Walter et al. 2005): 

es = 0.6108exp(17.27T/(T+237.3)) 

Saturation vapour pressure (es) represents the capacity of the air to hold water; VPD 

units are kPa and temperature is in ºC. 

ea = es * (RH/100) 

Actual vapour pressure (ea, in kPa) represents amount of water vapour in air; RH is 

relative humidity in %. 
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Appendix 3.2. Post hoc comparisons (Tukey contrasts) of the linear mixed effects model 
of location vs. year interactions1: mean daily temperatures for (a) Wilson Brook (local 
data, n = 5), and three regional weather stations each in Newfoundland (NL-regional, 
Daniels Harbour, Ferrolle Point, Plum Point) and New Brunswick (NB-regional, Alma, 
Moncton, Nappan) (data downloaded from Environment Canada) (b) over three growing 
seasons (1 June - 9 November, 2011 & 2013). The least-squared mean estimates for the 
fixed effect location was obtained using the lsmeans (Lenth 2016) and pbkrtest (Halekoh 
& Højsgaard 2014) packages. F test is calculated according to the Kenward-Roger 
method (Kenward & Roger, 1997, Halekoh, 2014). 

Comparison  Mean (°C) SE df t ratio p value 
(a) Locations within year      
2011      
NB-regional - NL-regional  3.89 0.54 37.42 7.19 <.0001 
NB-regional - Wilson Brook  1.32 0.49 38.34 2.70 0.027 
NL-regional - Wilson Brook  -2.57 0.47 34.92 -5.51 <.0001 
2012      
NB-regional - NL-regional  2.18 0.54 38.13 4.01 0.001 
NB-regional - Wilson Brook  1.11 0.49 38.90 2.25 0.075 
NL-regional - Wilson Brook  -1.08 0.47 34.97 -2.31 0.068 
2013      
NB-regional - NL-regional  4.08 0.57 44.28 7.13 <.0001 
NB-regional - Wilson Brook  0.45 0.52 44.26 0.87 0.663 
NL-regional - Wilson Brook  -3.63 0.47 37.25 -7.68 <.0001 
(b) Years within location      
NB-regional      
2011 - 2012  -0.51 0.38 4906.15 -1.36 0.364 
2011 - 2013  0.18 0.40 4596.93 0.44 0.899 
2012 - 2013  0.69 0.40 4759.97 1.72 0.196 
NL-regional      
2011 - 2012 -2.22 0.34 4902.89 -6.63 <.0001 
2011 - 2013 0.37 0.34 4908.11 1.07 0.536 
2012 - 2013 2.59 0.34 4908.47 7.52 <.0001 
Wilson Brook-local      
2011 - 2012  -0.73 0.26 4903.00 -2.81 0.014 
2011 - 2013  -0.70 0.26 4903.00 -2.68 0.020 
2012 - 2013 0.03 0.26 4902.82 0.12 0.992 
      
1 There was a significant interaction of year and site (χ2 = 38.93, df = 4, P < 0.001). 
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Appendix 3.3. Post hoc comparisons (Tukey contrasts) of the linear mixed effects model 
of location vs. month interactions1: mean daily temperatures for Wilson Brook (local 
data, n = 5), three regional weather stations each in Newfoundland (NL-regional, 
Daniels Harbour, Ferrolle Point, Plum Point) and New Brunswick (NB-regional, Alma, 
Moncton, Nappan) (data downloaded from Environment Canada), and Port-au-Choix 
(local data n = 3) from 1 June - 23 October 2012. The least-squared mean estimates for 
the fixed effect location was obtained using the lsmeans (Lenth 2016) and pbkrtest 
(Halekoh & Højsgaard 2014) packages. F test is calculated according to the Kenward-
Roger method (Kenward & Roger, 1997, Halekoh, 2014). 

Comparison: month within 
region 

Mean 
(°C) SE df t ratio p value 

June      
NB-regional - NL-regional              4.413 0.538 134.9 8.198 <.0001 
NB-regional - Port-au-Choix             1.167 0.487 138.22 2.397 0.662 
NB-regional - Wilson Brook               0.303 0.487 138.22 0.622 1.000 
NL-regional - Port-au-Choix                -3.246 0.456 118.46 -7.119 <.0001 
NL-regional - Wilson Brook                -4.110 0.456 118.46 -9.014 <.0001 
Port-au-Choix - Wilson Brook                      -0.864 0.394 117.55 -2.193 0.798 
July      
NB-regional - NL-regional              3.030 0.536 130.58 5.65 <.0001 
NB-regional - Port-au-Choix             0.765 0.487 135.31 1.571 0.990 
NB-regional - Wilson Brook               0.643 0.487 135.31 1.321 0.999 
NL-regional - Port-au-Choix                -2.265 0.450 111.96 -5.032 0.000 
NL-regional - Wilson Brook                -2.387 0.450 111.96 -5.302 0.000 
Port-au-Choix - Wilson Brook                      -0.122 0.390 112.21 -0.312 1.000 
August      
NB-regional - NL-regional              2.512 0.528 125.65 4.753 0.001 
NB-regional - Port-au-Choix             0.731 0.478 129.18 1.53 0.993 
NB-regional - Wilson Brook               1.606 0.478 129.18 3.359 0.104 
NL-regional - Port-au-Choix                -1.780 0.450 111.96 -3.954 0.018 
NL-regional - Wilson Brook                -0.906 0.450 111.96 -2.012 0.891 
Port-au-Choix - Wilson Brook                      0.875 0.390 112.21 2.243 0.767 
September      
NB-regional - NL-regional              0.764 0.533 130.85 1.435 0.997 
NB-regional - Port-au-Choix             0.295 0.481 133.18 0.613 1.000 
NB-regional - Wilson Brook               1.671 0.481 133.18 3.477 0.075 
NL-regional - Port-au-Choix                -0.470 0.456 118.47 -1.03 1.000 
NL-regional - Wilson Brook                0.907 0.456 118.47 1.989 0.901 
Port-au-Choix - Wilson Brook                      1.376 0.394 117.55 3.493 0.073 
October      
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NB-regional - NL-regional              1.780 0.638 273.3 2.788 0.370 
NB-regional - Port-au-Choix             2.447 0.576 276.36 4.249 0.005 
NB-regional - Wilson Brook               1.801 0.576 276.36 3.127 0.178 
NL-regional - Wilson Brook                0.667 0.537 237.86 1.243 1.000 
NL-regional - Port-au-Choix                0.021 0.537 237.86 0.04 1.000 
Port-au-Choix - Wilson Brook                      -0.646 0.461 230.46 -1.401 0.998 

 

1 There was a significant interaction of month and location (χ2 = 133.88.46, df = 12, P < 
0.001). 
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Appendix 3.4. Coefficients of the linear mixed effects model analysis using the lme4 
package (Bates et al. 2015) (lmer in R) of microclimate variables comparing Wilson 
Brook with Port-au-Choix (treatment, 2012, Table 3.1). 
 

 Location Estimate SE t value 
a) Model: mean daily temperature= treatment, random=plot 
 Port-au-Choix (Intercept)    15.096 0.165 91.425 
 Wilson Brook           -0.017 0.234 -0.075 
b) Model: maximum daily temperature= treatment, random=plot 
 Port-au-Choix (Intercept) 25.082 0.737 34.030 
 Wilson Brook                     0.626 1.042 0.600 
c) Model: minimum daily temperature= treatment, random=plot 
 Port-au-Choix (Intercept) 8.984 0.283 31.747 
 Wilson Brook                     0.579 0.400 1.446 
d) Model: vapour pressure deficit (VPD)= treatment, random=plot 
 Port-au-Choix (Intercept) 0.158 0.026 6.106 
 Wilson Brook1 0.250 0.037 6.830 
e) Model: growing degree days (GDD)= location 
 Port-au-Choix (Intercept) 1765.6 25.94 68.067 
 Wilson Brook                    -2.6 36.68 -0.071 

 

1 Significantly different: χ2 = 17.34, df = 1, P < 0.001 
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Appendix 3.5. Coefficients of the linear mixed effects model analysis using the lme4 
package (Bates et al. 2015) (lmer in R) of microclimate variables comparing Wilson 
Brook with Albert Mines (treatment) for 2013 (Table 3.1).   
 

 Location Estimate SE t value 
a) Model: mean daily temperature= treatment, random=plot 
 Albert Mines (Intercept)   12.676 0.610 20.785 
 Wilson Brook           0.353 0.722 0.489 
b) Model: maximum daily temperature= treatment, random=plot 
 Albert Mines  (Intercept)   19.750 0.992 19.908 
 Wilson Brook1 3.363 1.174 2.865 
c) Model: minimum daily temperature= treatment, random=plot 
 Albert Mines  (Intercept)    6.954 0.652 10.663 
 Wilson Brook                     0.612 0.772 0.793 
d) Model: vapour pressure deficit (VPD) = treatment, random=plot 
 Albert Mines (Intercept)     0.209 0.011 19.414 
 Wilson Brook2 -0.123 0.013 -9.327 
e) Model: growing degree days (GDD)= location        
 Albert Mines (Intercept)    1851.5 126.2 14.672 
 Wilson Brook                     227.1 149.3 1.521 

 

1 Significantly different: χ2 = 5.43, df = 1, P = 0.02 
2 Significantly different: χ2 = 17.74, df = 1, P < 0.001 



 

 

 

275 

 
Appendix 3.6. Post-hoc multiple comparisons (Tukey contrasts) of linear mixed effects 
model analysis (lmer in R) of microclimate variables using least-squares means to 
compare Open Top Chambers (OTC) and Control (Cont) plots over three years, 1 June 
to 9 November, 2011 to 2013. Values for variables were derived from 22,896 readings 
(taken at 10 min. intervals) over 162 days in each year; significance of interactions were 
derived from log likelihood comparison. The least-squared mean estimates for the fixed 
effect treatment was obtained using the lsmeans (Lenth 2016) and pbkrtest (Halekoh & 
Højsgaard 2014) packages. F test is calculated according to the Kenward-Roger method 
(Kenward & Roger, 1997, Halekoh, 2014). 
 

Comparison Mean (°C) SE df t ratio p value 
a) Mean daily temperatures (significance of interaction year and treatment: χ2 
= 7.58, df = 2, P = 0.023) 
Treatments within years      
2011 Cont - OTC  -0.01 0.39 31.89 -0.01 >0.999 
2012 Cont - OTC  -0.27 0.39 32.97 -0.68 0.983 
2013 Cont - OTC  0.64 0.39 32.97 1.63 0.586 
Years within treatments     
2011 Cont - 2012 Cont  -0.73 0.27 6947.24 -2.66 0.083 
2011 Cont - 2013 Cont  -0.70 0.27 6947.24 -2.55 0.111 
2012 Cont - 2013 Cont   0.03 0.27 6947.06 0.12 >0.999 
2011 OTC - 2012 OTC  -0.99 0.20 6449.10 -4.91 <0.001 
2011 OTC - 2013 OTC  -0.05 0.20 6449.10 -0.25 >0.999 
2012 OTC - 2013OTC     0.94 0.20 6947.06 4.63 <0.001 
b) Maximum daily temperatures (significance of interaction year and 
treatment: χ2 = 19.31, df = 2, P < 0.001) 
Treatments within years     
2011 Cont - OTC  1.59 0.67 32.35 2.38 0.195 
2012 Cont - OTC  0.89 0.67 32.15 1.33 0.764 
2013 Cont - OTC    3.38 0.67 32.15 5.07 <0.001 
Years within treatments     
2011 Cont - 2012 Cont  -0.39 0.47 6785.18 -0.82 0.963 
2011 Cont - 2013 Cont  -0.31 0.47 6785.18 -0.66 0.986 
2012 Cont - 2013 Cont   0.08 0.47 6785.00 0.17 >0.999 
2011 OTC - 2012 OTC  -1.08 0.35 6785.00 -3.10 0.024 
2011 OTC - 2013 OTC  1.49 0.35 6785.00 4.24 <0.001 
2012 OTC - 2013OTC  2.57 0.35 6785.00 7.34 <0.001 
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Appendix 3.6. continued     
Comparison Mean °(C) SE df t ratio p value 
c) Vapour pressure deficit (significance of interaction year and treatment: χ2 = 
58.62, df = 2, P < 0.001) 
Treatments within years     
2011 Cont - OTC  0.04 0.03 20.05 1.22 0.824 
2012 Cont - OTC -0.01 0.03 19.70 -0.22 >0.999 
2013 Cont - OTC -0.07 0.03 20.95 -2.28 0.248 
Years within treatments     
2011 Cont - 2012 Cont  -0.03 0.01 6256.00 -2.86 0.049 
2011 Cont - 2013 Cont  0.02 0.01 6273.24 2.22 0.230 
2012 Cont - 2013 Cont 0.05 0.01 6273.32 4.84 <0.001 
2011 OTC - 2012 OTC -0.07 0.01 5960.66 -8.56 <0.001 
2011 OTC - 2013 OTC  -0.08 0.01 6187.08 -9.65 <0.001 
2012 OTC - 2013 OTC  -0.01 0.01 6259.09 -1.18 0.847 
d) Frequency of temperature 25–40°C (significance of interaction year and 
treatment: χ2 = 10.62, df = 1, P = 0.005) 
Treatments within years     
2011 Cont - OTC  85.400 201.402 35.21 0.424 0.998 
2012 Cont - OTC  -53.039 204.535 36.00 -0.259 1.000 
2013 Cont - OTC  616.317 204.535 36.00 3.013 0.050 
Years within treatments     
2011 Cont - 2012 Cont  -223.600 170.749 32.70 -1.310 0.778 
2011 Cont - 2013 Cont  -287.400 170.749 32.70 -1.683 0.552 
2012 Cont - 2013 Cont   -63.800 170.749 32.70 -0.374 0.999 
2011 OTC - 2012 OTC -362.039 125.894 33.88 -2.876 0.069 
2011 OTC - 2013 OTC  243.517 125.894 33.88 1.934 0.400 
2012 OTC - 2013 OTC  605.556 127.269 32.70 4.758 <0.001 

 

 

 



 

 

 

277 

Curriculum Vitae 

Candidate’s full name: Sabine Barbara Dietz 

Universities attended:  

Degree   University   Field    Year 

Masters   Université de Moncton Environmental Studies 2003 

Bachelor of Arts Trent University   Environmental and Resource  1990 
       Studies   
Publications:  

Dietz, S. 2004. Big Flat and Grand Falls Furbish’s lousewort Sites, New Brunswick, Site 
Specific Stewardship Measures and Actions. The Nature Trust of New Brunswick & NB 
Power, Fredericton, NB. 

Bishop, G. and S. Dietz. 2001. Champ de Tir de Tracadie. Tracadie River Vascular Plant 
Inventory and Habitat Evaluation. Prepared for the Department of Natural Resources 
and Energy. New Brunswick Federation of Naturalists/ Piper Project. 

Dietz, S. and R. Chiasson. 2001. Gulf of St. Lawrence Aster (Symphyotrichum 
laurentianum). Management and Monitoring Plan. Kouchibouguac National Park. Kent 
County, NB. 

Chiasson, R. and S. Dietz. 2000. The Brothers Important Bird Area. Conservation 
Concerns and Measures. Can. Nature Fed., Bird Studies Can., NB Federation of 
Naturalists, Natural History Soc. of PEI., Federation of NS Naturalists. 

 

Conference Presentations:  

May 29, 2014, “The genetic structure and phylogeography of White Mountain Avens 
(Dryas integrifolia) in Eastern Canada, from New Brunswick to Labrador”, Genomes to 
/ aux Biomes, Montreal, Canada. 


