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Abstract 

 Forest encroachment has been documented across North America, from British Columbia 

to New Mexico, and is a growing concern due to loss of essential grassland habitat. Climate 

change, fire suppression, changes in grazing regimes, and differences in microclimate between 

topographic gradients are the main factors associated with forest encroachment into grasslands. 

Small-scale factors, such as competition and facilitation also play an important role in forest-

grassland dynamics. I examined forest-grassland dynamics in southwest Yukon through 

dendroecological techniques and repeat image analysis. Dendroecological techniques were used 

to identify periods of tree encroachment, changes in age structure, pulses of tree establishment 

and possible correlations with climatic variables. Dendroecological results indicated that over the 

last 60-80 years, trees have invaded an average of 30 meters into grasslands on south-facing 

slopes and flat terrain in southwest Yukon. Ecotones on north-facing slopes appear stable with 

little advance into grasslands over the last 60 years. Results indicate forest encroachment varies 

across topography and between tree species. Repeat image analysis was also used to examine 

landscape changes over a 60-year time period near Kluane Lake. Forest encroachment was 

investigated using landscape metrics which characterized changes in grassland configuration 

across three time periods (1947, 1979, 2007) in a 10km2 area. Total grassland area decreased 

from 214.4 hectares in 1947 to 137 hectares in 2007 and coincided with extensive grassland 

fragmentation. One hundred and seventy grassland patches were identified in 1947 which 

increased to 270 patches in 2007. Although tree invasion was found across all topographic 

gradients, results complement dendroecological analyses with flat terrain and south-facing slopes 

experiencing the greatest loss of grassland. It is possible that the increase in trembling aspen 

(Populus tremuloides) on south-facing slopes and flat terrain is due to warmer temperatures in the 

area. Aspen establishment coincided with warmer temperatures however further work is needed 
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to identify the influence of changes in fire and grazing regimes. Although southwest Yukon 

grasslands are limited in distribution they are ecologically significant and provide habitat for 

unique assemblages of flora and fauna.   
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Chapter 1 

Introduction 

Future climate warming is expected across the globe, with warmest temperatures 

projected in the Arctic and subarctic (Prowse et al., 2009). In the past century warmer 

temperatures have resulted in the northward movement of forest into tundra in alpine (Danby & 

Hik, 2007a, 2007b; Kharuk et al., 2009) and Arctic (e.g. Grace et al., 2002) regions. Increases in 

tree growth (Gamache & Payette, 2004) and density (Danby & Hik, 2007a) at treeline have also 

been observed over the past century. However, some areas across the Arctic have seen no 

discernable changes in treeline (Harsch et al., 2009). Environmental factors, at fine and broad 

scales, and species-specific traits may be causing the variability seen across studies (Holtmeier & 

Broll, 2005; Harsch et al., 2009). The Arctic is vulnerable and susceptible to changes associated 

with warming temperatures; it is essential to understand the impacts climate change has had, and 

may have, on the ecosystem.  

Analogously, forest encroachment into grasslands has been documented world-wide 

(Coop & Givnish, 2007; Widenmaier & Strong, 2010; DeSantis et al., 2011). Loss of grassland 

has numerous negative implications for ecosystems. It can result in a decrease in heterogeneity 

leading to homogenous landscapes with species more susceptible to pathogens (Jules et al., 

2002). Tree invasion into grasslands can also decrease the abundance of rare grassland species 

which may be of conservation concern (Ludwig, 1999; Copenheaver et al., 2004). Lastly, as 

grassland area decreases, the habitat and forage land decreases for local grassland fauna. 

However, there may be instances where an increase in forest is beneficial with changes to the 

global carbon cycle (ie. increasing the terrestrial carbon sink) (Grace et al., 2002).  

Forest encroachment is temporally and spatially scale-dependent; successful invasion at 

fine scales will be influenced by different factors than at a broad scale. Generally, fine-scale 
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processes affecting tree invasion are microclimatic conditions such as soil moisture and 

temperature, as well as competition and facilitation (Gosz, 1993). At a broad scale, the governing 

factors affecting tree encroachment are macrotopography and climate (Gosz, 1993). Furthermore, 

successful invasion can be monitored in a short temporal scale by measuring individual tree 

growth whereas the movement of forest ecotones is noticeable over decades (Holtmeier & Broll, 

2005). It is crucial to characterize tree invasion at multiple scales, as well as examine the 

underlying factors behind successful establishment. 

It is common for topography, fire and fire suppression, herbivory and climatic variables 

to influence forest encroachment. Topography affects tree invasion due to differences in 

microclimate on varying aspects and slopes. For example, north-facing slopes are generally more 

mesic and have been subject to extensive encroachment in many areas (Hogg & Schwarz, 1997; 

Weisberg et al., 2007). However, south-facing slopes have also seen successful tree invasion (Bai 

et al., 2004). Fire can have negative impacts on seedlings and forest encroachment by killing 

invading trees (Bragg & Hulbert, 1976; Widenmaier & Strong, 2010); fire suppression allows for 

seedlings to establish and successfully grow without the disturbance of fire. The impact of 

grazing animals and herbivory varies across areas and is generally dependent on grazing species 

and intensity (Miller & Halpern, 1998; Sankey et al., 2006a, 2006b; den Herder et al., 2008). 

Changes in climatic variables associated with warming temperatures has also had positive 

impacts on tree invasion; warmer temperatures and wetter conditions have been found more 

suitable for seedling establishment of alder (Alnus acuminata) (Grau & Veblen, 2000), ponderosa 

pine (Pinus ponderosa var. scopulorum) (Coop & Givnish, 2007), and aspen (Strong et al., 2009).   

Forest encroachment can be quantified using dendrochronological techniques, as well as 

aerial and satellite image analyses. Although it is common to use one approach (Rhemtulla et al., 

2002; Andersen & Baker, 2005; Heyerdahl et al., 2006), the multi-scale approach is essential for 
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understanding forest encroachment across larger spatial and temporal scales. Studying ecotone 

change across multiple spatial and temporal scales, and examining the processes that govern 

change at various scales will aid in understanding the past, present and future dynamics of 

ecotones (Danby, 2011). Dendrochronological analyses are useful for determining age structures 

across stands and the accurate establishment dates allow for investigating the impact of 

disturbances and climatic variables. Repeat image analysis adds depth with a larger spatial scale 

which helps in reducing site-to-site variation that appears in finer scale dendrochronological 

analyses.  

Grasslands in southwest Yukon, specifically near Kluane Lake (61°07’N /138°24’W) and 

Aishihik Lake (61°36’N / 137°21’W), are located in an ideal area to study forest-grassland 

dynamics. This region has experienced a significant increase of 2 °C in mean annual temperature 

over the past 50 years (Youngblut & Luckman, 2008; Prowse et al., 2009). One varying factor 

between regions may be the presence of an introduced population of wood bison in the Aishihik 

Lake area; wood bison have been present in the area since the 1980s and have reached a 

population of approximately 1230 (Yukon Wood Bison Technical Team, 2010). In the Kluane 

Lake region, the landscape is dominated by white spruce (Picea glauca) mature forest with 

trembling aspen (Populus tremuloides) occupying warmer, drier sites. The Aishihik Lake region, 

although dominated by white spruce, has a higher abundance of mature trembling aspen stands. 

Dominant grassland species are similar between the two regions; sagewort (Artemesia frigida) 

and fescue (Festuca saximontana) abundant in the Kluane Lake grasslands (Laxton et al., 1996) 

and sagewort and sedge (Carex filifolia) in the Aishihik Lake region (Vetter, 2000).  

Grasslands in the southwest Yukon contain rare species, possibly of Beringian origin 

(Laxton et al., 1996; Vetter, 2000), and forest encroachment into grasslands is thought to be 

present throughout the region. The aim of my research was to thoroughly investigate recent 



 

 4 

forest-grassland dynamics and understand the underlying factors affecting this ecotone. The goals 

of this study were: 

1) To determine if forest encroachment into grasslands is occurring in the southwest 

Yukon through both dendrochronological techniques and repeat image 

analysis. 

2) To determine if forest encroachment rate and extent varies between regions and 

topography.  

3) To characterize the spatial configuration of grasslands in three time periods 

spanning 60 years.  

4) To investigate how topography, grazing and climate influence forest 

encroachment.  

White spruce and trembling aspen were sampled across 28 sites in the summer of 2011. 

Sites were divided by regions (Kluane Lake and Aishihik Lake) and topography (Flat terrain, 

North- and South-facing slopes). Five transects at each site were established, starting at the edge 

of the grassland and ending at the mature forest. Cores and disks were taken from white spruce 

and aspen for a total of 60 live trees at each site; samples were taken at the edge of the grassland, 

the edge of the mature forest and halfway between those two points. The differences in 

encroachment rate and extent between regions and topographic position through dendroecological 

procedures is examined in Chapter 3. Repeat image analysis was also used to investigate forest-

grassland dynamics. Grassland boundaries were manually delineated on aerial photographs and 

recent satellite imagery to characterize forest encroachment over a 60-year period. Landscape 

metrics, as well as changes in grassland extent across all topographic positions, is examined in 

Chapter 4.  
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The Arctic ecosystem is fragile and susceptible to great changes with increasing 

temperatures (Kaplan & New, 2006). Ecotones, such as treeline, are expected to change in extent 

and/or density with increasing temperatures. The dynamics and projected change in forest-

grassland dynamics is unknown in northern ecosystems. Understanding the recent changes, at 

both a local and landscape-scale, in grassland extent will provide insight into the factors affecting 

forest encroachment. Local scale observations allow for inferences and investigations into causes 

and mechanisms of ecotone and population change. The landscape-scale study sheds light on the 

configuration of grassland patches and changes in their distribution. Furthermore, a 

comprehensive study of these ecotones can be used to develop models to predict changes in 

northern forest-grassland communities.  
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Chapter 2 

Literature Review 

2.1 Introduction 

 Climate change is expected to be most apparent at high latitudes (Prowse et al., 2009). 

Warmer temperatures can change vegetation composition and have large, landscape-scale impacts 

on vegetation communities. The main study area for this thesis is the southwest Yukon; where 

vegetation changes have occurred (Danby & Hik, 2007a) and may continue with warmer 

temperatures (Prowse et al., 2009)..Furthermore ecotones, the transition zone between vegetation 

communities, at a coarse scale are sensitive to changes in climatic factors. At a fine scale, 

ecotones can be influenced by multiple factors and their interactions. The objective of this thesis 

is to examine forest-grassland ecotones in southwest Yukon at both a fine and coarse scale, and a 

synthesis of literature on all possible influencing factors is necessary. This literature review will 

begin with an overall introduction to ecotones, the importance of scale, and dynamics associated 

with ecotones and landscapes as a whole. Factors that have been found to affect woody-

herbaceous ecotones, generally in North America, will be reviewed. Next, the consequences of 

ecotone shifts and forest encroachment will be discussed to highlight the importance of these 

studies. Lastly, the study region will be introduced in depth as well as a review of the two 

methods used in the thesis.  

2.2 Ecotones 

Broadly speaking, an ecotone is the geographic boundary between two adjacent 

communities. Ecotones are an environmentally stochastic stress zone (Clements, 1905) that can 

range from broad-scale biome ecotones to small-scale plant ecotones (Gosz, 1993). Many 

definitions and descriptions of ecotones exist. For example, the species richness of an ecotone has 
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been considered to be greater than either adjacent community (Odum, 1971) because of mixed 

communities at the ecotone. Others have argued that ecotones are poorer in species richness than 

the adjacent communities because fewer species can adapt to the environmental factors found 

within this transition zone (Van der Maarel, 1990). However, these descriptions are inadequate 

without the consideration of scale. For example, heterogeneity of treeline is highest at local scales 

and becomes progressively harder to detect at landscape, regional and global scales (Holtmeier & 

Broll, 2005). Variation in ecotone changes is also highest at small scale, such as the plant 

ecotone, due to numerous controls, and interactions between them, influencing the ecotone (Gosz, 

1993).  

Generalizations of ecotone features exist but there is less agreement on which features are 

truly definitive of ecotones. Walker et al., (2003) assert that ecotones typically exhibit 

vegetational abruptness, physiognomic change, occurrence of a spatial community mosaic, many 

exotic species, ecotonal species, sinks (ie. establishment of plants that are not able to form self-

sustaining populations there), and species richness higher or lower than either side of the ecotone. 

Even within each of these proposed features of ecotones there are different degrees of each. 

Research has shown that ecotones can be defined by one, or many, of these characteristics, but is 

there one defining feature found at all ecotones? Walker et al., (2003) argues that there are 

situations that conform to each, but none of the hypothesized ecotone features are intrinsic 

properties of ecotones. For the purpose of this study, the broad definition of an ecotone as a 

transition between two ecological systems each with unique characteristics defined by space, 

time, and interactions between the two systems (sensu Gosz, 1993) is sufficient.  

Ecotone shifts are defined as a change in the boundary location or an increase in the 

density of one community adjacent to the other (Sankey et al., 2006a). Ecotone shifts can be 

attributed to a change in the realized niche of the encroaching species. A species fundamental 
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niche is the hypervolume defined by environmental dimensions within which that species 

survives and reproduces (Hutchinson, 1957). The realized niche is the reduced niche space that is 

actually occupied by a species due to the impact of biotic and abiotic limiting factors. Therefore, 

ecotone shifts occur due to changes in biotic and abiotic interactions, however the most 

influential factor will vary according to scale (Gosz, 1993; Holtmeier & Broll, 2005).  

2.3 Ecotones at multiple scales 

 Spatial scale must be considered when assessing the sensitivity and response of ecotones 

to changing environmental conditions (Holtmeier & Broll, 2005). For example, at a global scale, 

the forest-tundra boundary appears as a distinct line separating forest from tundra (Holtmeier & 

Broll, 2005; Danby, 2011). However, at a much finer scale the ecotone appears much more 

patchy with trees dispersed sporadically and not in a uniform line. Ecotones can exist within 

ecotones depending on the scale of the observation. An edge at a fine scale may be 

indistinguishable at a larger scale, and vice versa (Gosz, 1993). Temporal scale is also important 

to consider when studying ecotone responses to changing environments (Gosz, 1993; Holtmeier 

& Broll, 2005; Danby, 2011). Short-term responses, on the scale of a few years, are seen in 

individual trees through increased photosynthesis or a period of shoot extension (Holtmeier & 

Broll, 2005). Long-term responses, on the scale of several decades to hundreds of years, are 

reflected through forest advance or retreat and changes in forest cover (Holtmeier & Broll, 2005).  

Danby (2011) synthesizes the current methods that have been used to detect ecotone 

change, specifically the forest-tundra boundary, and stresses the importance of multi-scale 

approaches incorporating different methods to create a more holistic view of change. There is no 

single best method because factors that influence ecotone dynamics vary between, and interact 

across, spatial scale. At the biome scale, the two probable constraints on ecotone location are 

climate and macrotopography (Gosz, 1993). Altitudinal and polar treelines are limited by heat 
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deficiency, so warming temperatures are expected to cause treeline to advance (Westman et al., 

1990; Rupp et al., 2000; Grace et al., 2002). An increase in temperature will change the broad 

climate constraint and may impact a biome ecotone although the response in any one area, at a 

landscape-scale, will vary due to interactions of the fine- and broad-scale controls (Malanson et 

al., 2011).   

Generally, the approach of landscape studies is focused on landscape patterns, such as 

topography (e.g. Moore & Huffman, 2004), human impact (e.g. Lunt et al., 2010) and fire, (e.g. 

Rhemtulla et al., 2002). For instance, a 24km2 volcanic basin in northern Mexico, USA, is 

experiencing rapid forest invasion into grasslands due to recent fire suppression but invasion 

varies across the topography of the region (Coop & Givnish, 2007). However, at the fine-scale 

plant ecotone, there are smaller-scale factors that have the largest influence on dynamics. Factors 

include, for example, microclimatology, soil moisture and chemistry, competition, facilitation by 

neighbours, and plant-animal interactions (Gosz, 1993). The positive effects of saplings, or 

shrubs, has also been found in Mediterranean grasslands due to shrubs acting as safe sites for 

seedling establishment (Kuntsler et al., 2007). The variation at smaller scales therefore requires a 

much more complex approach than larger, global scales because of the many factors considered 

(Korner & Paulsen, 2004; Holtmeier & Broll, 2005).  

Many interactions take place between factors at fine scales although these are all 

constrained by the patterns and governing factors at a larger scale (O’Neill et al., 1989). Many 

studies have attempted to integrate different methods to investigate how ecotones are impacted 

both locally and regionally. Dendrochronological analysis coupled with remotely sensed images 

was used to investigate forest encroachment, both spatially and temporally, into the Cypress Hills 

plateau in Alberta, Canada (Widenmaier & Strong, 2010). Similarly, Widenmaier & Strong 

(2010) were able to characterize forest invasion at a landscape scale, finding an increase of forest 
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cover of 50% in 60 years, as well as determine an annual rate of invasion through establishment 

dates found through dendrochronology. Satellite images can be useful in validating the 

encroachment found at local scales using dendrochronology as well as provide information on the 

configuration and spatial pattern of encroachment.  

2.4 Factors influencing ecotone structure and dynamics 

Generally it is believed that climate is an important factor influencing ecotone structure 

and dynamics and there has been extensive attention placed on understanding the impacts of 

climate change on ecotones (Walsh et al., 1994). For example, recruitment and survival patterns 

of ponderosa pine (Pinus ponderosa) seedlings highly depends on local moisture availability 

related to broad-scale climate variability (League & Veblen, 2006). Despite a synchronous 

warming trend, especially in the circumpolar north, there is a lack of synchronous recruitment 

trends worldwide, and thus ecotone shifts at the forest-tundra zone (Aune et al., 2011). 

Temperature, therefore, may not be the sole limiting factor. Fire (Bragg & Hulbert, 1976; Mast et 

al., 1997; Rhemtulla et al., 2010), grazing (Sankey et al., 2006a; Burkinshaw & Bork, 2009; 

Cochard & Edwards, 2011), and topography (Dyer & Moffett, 1999; Bai et al., 2004; Weisberg et 

al., 2007) have all been found to influence ecotone dynamics. These factors may act 

independently or in combination with changing climate therefore it is often difficult to separate 

their impacts. 

The main factors associated with ecotone changes will be discussed, with the focus on 

forest-grassland and boreal ecotones. All of the supporting research is from woody-herbaceous 

ecotones generally in North America as well as Arctic and mountainous tree line. Woody-

herbaceous North American ecotones were selected as the focus due to the similarity to my study 

site and allows for a more in-depth investigation of these specific ecotone dynamics.  
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2.4.1 Climate 

At the biome scale, ecotonal species are at the edge of their geographic distribution and a 

small change in climate can result in large changes in vegetation composition and structure 

(DeSantis et al., 2011). Changes in plant community composition can be inferred from pollen 

data and plant macrofossils and used as evidence indicating climatic variation. Changes in the 

relative abundance of plant species document climatic variations over the span of hundreds and 

thousands of years (Miller & Wigand, 1994). In the past 160 years, changes in distribution and 

density of vegetation populations and communities have been rapid (Pimm et al., 1995; Van 

Auken, 2009). Broad-scale climatic changes have been found to be the dominant factor 

contributing to forest encroachment into grasslands (Wearne & Morgan, 2001; Coop & Givnish, 

2007; Widenmaier & Strong, 2010).  

Tree invasion into grasslands has been attributed to climatic factors at both coarse and 

fine scales. For example, three individual (100m x 300m) subalpine meadows were investigated 

in Idaho, USA; warmer and drier conditions were suggested as the dominant factor in one 

meadow (Butler, 1986). At a landscape scale, the forest-grassland boundary in north-western 

Argentina, covering >100 hectares, is also governed by climate variability, specifically increases 

in rainfall (Grau & Veblen, 2000). Over 4000 ha in northern Alberta, Canada, was assessed for 

vegetation change, and increased atmospheric water availability appeared to be the driving factor 

behind increased forest establishment (Strong et al., 2009). Aspen is moisture-limited in northern 

Alberta, Canada, and the increase in precipitation has allowed for recent encroachment to occur 

(Strong et al., 2009).  

Microclimate is the suite of climatic variables, including temperature, light, wind speed 

and moisture, measured in a localized area near earth’s surface (Chen et al., 1999; Geiger et al., 

2003). Microclimate directly influences ecological processes and reflects changes in landscape 
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structure and ecosystem functions (Chen et al., 1999). Microclimate varies across topographical 

locations as well as across ecotones (Gosz, 1991). Ecotones are important in regulating ecosystem 

and landscape processes because of their influence on flows of water, energy and materials across 

the landscape (Churkina & Svirezhev, 1995). For example, often moving across a gradient from 

open zone to forested areas, there is generally a decrease in daytime summer temperatures but an 

increase in humidity (Chen et al., 1991). Alterations of microclimate in such a short distance can 

favour one species over another and result in a changes in species and the ecotone boundary. 

Understanding the unique impact of microclimate on ecotonal communities and the influence on 

landscape processes, or ecotone shifts, is critical (Chen et al., 1991).  

2.4.2 Topography 

 Due to influences on temperature and soil moisture topography, including elevation, 

aspect, and slope, has been proposed to play an influential role in forest encroachment into 

grassland areas. In grassland environments in Saskatchewan and Alberta, white spruce seedlings 

are almost exclusively restricted to north-facing slopes which can be attributed to the fact that a 

moisture deficiency can limit regeneration and establishment of conifer seedlings (Hogg & 

Schwarz, 1997). The spatial distribution of seedlings and trees is dictated by site conditions with 

high soil moisture retention in the mixed-grass prairies of the Spruce Woods Provincial Park of 

Manitoba (Chhin & Wang, 2002). North-facing slopes generally provide a cooler and moister 

environment that can be conducive to seedling establishment. The evidence of north-facing, 

mesic aspects having fast expansion rates has been very pronounced in a pinyon (Pinus 

monophylla) and juniper (Juniperus osteosperma) woodland, with expansion rates four times 

greater on north-facing slopes than south-facing slopes (Weisberg et al., 2007). On the other 

hand, Sankey & Germino (2008) found in southeast Idaho, USA, west-facing slopes were 

experiencing the highest encroachment rate with north-facing slopes experiencing the slowest. 
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The probability of tree encroachment is higher on south-facing slopes even though there is a 

higher probability of ingrowth, or filling-in, on north-facing slopes in northern British Columbia 

due to differences in moisture regimes (Bai et al., 2004).  

There is also discrepancy over the influence of slope steepness on forest encroachment. 

Intermediate slopes (10 – 35%) have been found to have the highest rate of encroachment 

compared to shallower and steeper slopes (Sankey & Germino, 2008). Coop and Givnish (2007) 

also found the highest encroachment on steeper slopes in the montane grasslands of New Mexico, 

USA. On the other hand, in British Columbia, Canada, the probability of vegetation shift from 

open to treed grasslands increased with declining slope due to a more favourable moisture regime 

on flat slopes (Bai et al., 2004).  

2.4.3 Herbivory 

Herbivory is thought to be important as a factor controlling ecotonal boundaries but 

results vary. Impacts of grazing on vegetation can vary from leaf herbivory by insects to seedling 

trampling by large ungulates. Grazing can impact the realized niche of a species in many ways; 

one example is reducing the competition between species through selective grazing (Sankey et 

al., 2006a). The impact of grazing varies according to the grazing species and intensity. Horse 

and cattle grazers primarily consume graminoids (Vallentine, 2001), sheep are highly selective 

foragers focusing on grasses and forbs and less on woody species (Sankey et al., 2006a), and 

goats generally are browsers although they do consume grasses and forbs (Sankey et al., 2006a). 

The local grazing species is therefore important to consider when studying ecotone dynamics 

because of differences in foraging preferences.  

High grazing pressure can leave a long-lasting effect on the landscape including erosional 

gullies resulting in plant communities that are characteristic of shallow, rocky, disturbed soils 

(Miller & Halpern, 1998). High intensity grazing could then not only impact ecotone location, but 
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also prevent encroachment for years after release from intense grazing. In northwestern Finland, 

an area with a well-established local herbivore guild, the spread of woody shrubs into tundra 

areas was diminished by grazing, counteracting possible forest encroachment due to warming 

temperatures (den Herder et al., 2008). On the other hand, encroachment in Arizona, USA, in the 

1870s is linked to a rapid expansion of livestock grazing (Van Auken, 2009).  

However, in general, high intensity grazing has a strong negative impact on seedling 

establishment resulting in a stable ecotone or a very slow rate of tree encroachment. In northern 

Mongolia, the limiting factor dictating seedling establishment has been found to be local grazing 

pressure (Sankey et al., 2006a). Herbivore suppression of treeline primarily occurs through 

negative impacts on recruitment; the survival of preexisting individuals is not decreased (Speed et 

al., 2010). Established individuals generally are not affected by herbivory once they reach a 

certain height because they are avoided when animals are browsing. Research (Romme et al., 

1995; Hessl & Graumlich, 2002; den Herder et al., 2008) shows high intensity grazing negatively 

impacts seedling establishment and growth. 

Moderate grazing can change forest structure by exposing bare mineral soil that 

facilitates tree invasion by creating areas of establishment (Rummel, 1951). Moderate cattle 

grazing can produce small openings free from perennial bunch-grasses and without high amounts 

of seedling herbivory or trampling (Mast et al., 1998). Age structures of ecotone forests have 

been strongly linked to changes in disturbance regimes; a shift from high intensity grazing to 

moderate or low intensity has resulted in pulses of seedling establishment (Dunwiddie, 1977; 

Mast et al., 1998; Norman & Taylor, 2005). Generally, tree encroachment rate into grasslands 

appears to be higher with moderate grazing and this can be attributed to the benefit created for 

seedlings. At the Scandinavian mountain birch treeline, moderate grazing pressure could enhance 

encroachment as reindeer trampling may help open up the canopy of the field layer and create 
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sites for birch establishment (Helle, 2001). Current evidence, however, suggests reindeer have 

had a net negative effect on birch establishment regardless of the herbivore density (Helle, 2001; 

Cairns & Moen, 2004; Cairns et al., 2008; den Herder et al. 2008). Effects of herbivory are 

complex; it is difficult to predict ecotone changes due to the variations between vegetation 

composition, grazing species and intensity at each individual study site.  

2.4.4 Seedling establishment and recruitment 

Forest encroachment into grasslands or tundra generally occurs through seedling 

establishment, survival and recruitment, although regeneration through vegetative clones can also 

occur (Hessl, 2002; Pierce & Taylor, 2010). Since the mid 1800s, aspen ramet regeneration into 

grasslands has occurred throughout the Greater Yellowstone Area, Wyoming, USA (Hessl & 

Graumlich, 2002). Understanding the eco-physiological aspects of seed germination, seedling 

emergence, and seedling establishment of tree species under grassland conditions is important in 

explaining tree encroachment (Bai et al., 2000). In open areas, such as grasslands, snow cover 

may vary due to reduced tree cover and direct solar radiation and result in an earlier melt of snow 

in the spring compared to the forest. If thermal and moisture properties surrounding seeds is 

changed then stratification requirements may be met so seeds are ready to germinate in the spring 

during favourable conditions (Bai et al., 2004). Seeds can go through natural stratification by 

spending a dormant period of winter underground; their hard seed coat is softened and growth 

and expansion from the seed coat occurs. Grassland seedbeds, near forest edges, can provide 

suitable conditions to break dormancy of seeds which aids in establishment in grasslands (Bai et 

al., 2004).  

Tree establishment and recruitment is often determined by interactions of variables, 

which are frequently correlated and form complex environmental gradients, rather than by the 

effects of one variable (McKinley & Van Auken, 2005). For example, moss has been found to be 
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a positive germination seedbed because it is not only moister but also occurs in areas with a 

balance of less shading by trees, but enough shading that will reduce competition from grasses 

(Dovciak et al., 2008). Suitable conditions may be very specific and could therefore result in 

patchy encroachment patterns due to seed recruitment and establishment only occurring in those 

areas. Initial spatial patterns will impact subsequent patch development processes and determine 

composition and structure along ecotones and in the encroached community (Mast & Wolf, 

2004). Forest encroachment could perhaps then only occur by one of the forest species due to 

conditions being more favourable towards dispersal or regeneration mechanisms, thus leading to 

seed establishment and growth of only the favoured species. The forest-grassland ecotone is 

shifting into the adjacent grassland in southwestern Montana, USA, in contrasting patterns and 

rates due to differences in aspen and Douglas-fir regeneration mechanisms (Sankey, 2008). Aspen 

regeneration is predominantly clonal whereas Douglas-fir seeds are dispersed by wind (Sankey, 

2008).  

Shrubs, seedlings, or trees can protect seeds and seedlings from grazing, but also alter the 

surrounding environment and create a more suitable microhabitat for establishment. The main 

factor that limits tree species encroachment into Mediterranean grasslands is the availability of 

shrubs acting as ‘safe sites’ which are ideal areas for seed establishment (Kuntsler et al., 2007). 

Shrubs facilitated seedling survival because seeds found in the periphery of the shrubs were 

protected from grazing sheep (Kuntsler et al., 2007). Facilitation can take many different forms 

including resource modification, substrate modification, protection from herbivores, pollination, 

concentration of propagules and mychorrhizae (Callaway, 1995). Artificial and live trees have 

been found to increase soil moisture because lower air temperatures create higher relative 

humidity which results in a high survival rate of seedlings (Kennedy & Sousa, 2006). Kennedy & 

Sousa (2006) concluded that these effects were synergistic and that nutrient availability caused by 
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nearby trees was not a factor because there was no difference between artificial and live trees. 

Shading grassland plots has resulted in increased growth of seedlings of multiple different species 

(Siemann & Rogers, 2003) but other studies conclude that shade alone is not sufficient for 

survival or increased growth of seedlings (Kennedy & Sousa, 2006). One of the most important 

mechanisms of facilitation, especially in dry, drought-prone areas, is the alleviation of stressful 

microclimatic conditions (Callaway, 1995). Facilitation works in many different facets and can be 

linked with other abiotic factors and biotic factors. However, facilitative effects of pioneer trees 

or shrubs on tree seedling recruitment cannot explain the successful establishment of the earliest 

trees in grasslands (Siemann & Rogers, 2003); other factors must be considered.   

2.4.5 Fire 

Wildfires occur throughout the world and vary in severity from low-intensity ground 

fires, to stand-replacing crown fires. The fire return interval, the time between each fire, and 

frequency vary according to climate, vegetation and ecosystem type. Although wildfires show 

interannual variation in both severity and area burned in the boreal forest (Harden et al., 2000), 

Canada had 10 times more land area burned in the 1980s compared to previous decades (Murphy 

et al., 1999). Large and frequent fires can create a dynamic equilibrium between forest and 

grassland ecosystems.  

The effects of fire on plant communities and ecotone boundaries will vary depending on 

the species occupying the area. In cases where tree species can resist fire at a young age, it is 

possible for certain fire frequencies to facilitate tree invasion into grasslands (Grau & Veblen, 

2000). Fire can alter forest composition, for example, by increasing low-moisture microclimates 

and suppressing later-successional fire intolerant species (DeSantis et al., 2011). Fire suppression 

also affects forest composition. For instance, in grasslands throughout Oklahoma, USA, there has 

been an accelerated conversion of Oak (Quercus) to Red cedar (Juniperus virginiana L.) forests 
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due to the cessation of fire (DeSantis et al., 2011). Fire suppression can result in forest 

encroachment either remaining conifer dominated or changing from a mixed forest composition 

to conifer dominated (LaRoi & Hnatiuk, 1980). However, fire suppression can cause unexpected 

trends such as a deciduous and mixed stand remaining as is, or succeeding to deciduous 

dominated forest (Rhemtulla et al., 2002). The maintenance of grasslands has been found to be 

highly dependent on frequent fire (Bragg & Hulbert, 1976; Heyerdahl et al., 2006) and the 

cessation of frequent fires is often described as the most important cause of tree invasion in these 

areas (Rhemtulla et al., 2002; Heyerdahl et al., 2006; Coop & Givnish, 2007; DeSantis et al., 

2011). Negative effects of fire on forest encroachment generally is through the destruction of 

seedlings, impeding tree invasion (Bragg & Hulbert, 1976; Heyerdahl et al., 2006). For instance, 

the presence of fire maintained grasslands in Cypress Hills, Alberta, Canada because of frequent 

destruction of invading seedlings (Widenmaier & Strong, 2010). The cessation of fire allows for 

invading seedlings to survive and thus successfully invade into grasslands. Simulation models of 

encroachment dynamics with and without fire support the theory that fire is a likely driver of 

forest-dynamics and the cessation of fires benefits tree establishment and encroachment 

(Heyerdahl et al., 2006). 

2.4.6 Land management 

 The reason many of these factors are changing, and thus affecting vegetation dynamics, is 

due to anthropogenic influences. For example, vegetation cover of the coast range of Oregon, 

USA, was very dynamic between post-settlement historical and recent times; forest management 

differences, reflected by patterns of land ownership, is associated with these multidirectional 

cover type transitions (Kennedy & Spies, 2004). Increasing human population, resource 

development, and changes in land use and management are accelerating the rate of ecosystem 

shifts and dynamics (DeSantis et al., 2011).  
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Although grazing does occur naturally from browsing wild animals, management of 

domestic livestock grazing can greatly impact vegetation dynamics as well. Cattle production has 

been a major industry since Euro-American settlement began in the late 1800s (DeSantis et al., 

2011). Livestock grazing can negatively affect grasslands by decreasing native grasses and 

increase unpalatable shrubs (Zier & Baker, 2006). Aspen has increased in some areas due to 

regeneration following grazing disturbances of Euro-American settlement era (Kulakowski et al., 

2004). Livestock grazing can be very influential on vegetation composition; management of 

livestock then can shift the forest-grassland ecotone in either direction. As previously discussed, 

grazing pressure plays a large role in ecotone shifts and will favour one of the adjacent 

communities over the other. With livestock grazing, this pressure can be controlled.  

Changes in land use and management can influence vegetation dynamics in various ways. 

Major changes in land use and management occurred following 19th century Euro-American 

settlement as native forest and grassland vegetation was cleared for cropland and rangelands were 

opened for cattle production (Briggs et al., 2002b). Changes in land use have also occurred due to 

conservation concern in regards to changes in vegetation composition. Large, public areas have 

been declared as conservation reserves which generally results in livestock removal, changes to 

disturbance regimes including fire, soil disturbances and timber harvesting (Lunt et al., 2010). 

The formations of provincial and national parks has been attributed to an increase in forest cover 

due to reduction in human population density resulting in less burning and cattle herd movement 

to more profitable areas (Mitchard et al., 2009).  

The presence of humans, and urbanization, along with changes in fire regimes and 

grazing disturbances, has resulted in vegetation composition change. Humans have thus tried to 

correct for their anthropogenic impacts on ecosystem dynamics and implemented actions to 

restore ecosystems to their ‘natural’ composition. Natural ecosystems are hard to define because 
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although it may be tempting to view vegetation conditions at the beginning of the 19th century as 

benchmarks for restoration, the range in variability over a longer period may have been greater 

(Rhemtulla et al., 2002). Human intervention can restore grasslands that have been subjected to 

forest encroachment; prescribed fire has been suggested as a management tool (Rhemtulla et al., 

2002; Coop & Givnish, 2007). Although changes in fire, grazing and temperature affect ecotone 

dynamics, it is important to investigate whether these changes are naturally or anthropogenically 

occurring.  

2.4.7 Interactions between factors 

Ecotone changes are often complex due to the interactions between multiple factors. 

Climatic factors such as precipitation, temperature, and snow distribution, need to be included in 

models as well as local influences including grazing, fire, topography, and microclimate. A 

difficulty that arises in the study of ecotone dynamics relates to attempts to disentangle the 

relative influence of different variables on ecotone dynamics.   

An increase of woody biomass in Australia corresponds to a period of increased rainfall 

as well as the cessation of landscape burning (Bowman et al., 2001). In the late 1800s, invasions 

into meadows in Idaho were attributed to warmer temperatures, although 30 years later further 

invasions were a result of drier climate, the possible influence of grazing and a forest fire (Butler, 

1986). Often times, warmer temperatures and the indirect impacts of climate change are discussed 

as facilitating tree encroachment but this is not always the case. Warmer temperatures can bring a 

whole host of other environmental factors that must be considered; drought is often linked with 

vegetation dynamics. A reduced rate of tree establishment in the 1960s is linked to a period of 

severe drought in the Buffalo Mountain region in Virginia, USA (Copenheaver et al., 2004). For 

instance, in southwestern Alberta, future warming may cause greater aridity that could reduce the 
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abundance of forests and shift the ecotone resulting in a more grassland-dominated ecosystem 

(Strong et al., 2009).   

Fire suppression has been heavily studied as a factor enhancing tree encroachment into 

grasslands, however most studies have trouble disentangling the impacts of fire with grazing and 

climate. Kochy & Wilson (2004) found that fire, and without grazing, reinforced tree invasion 

into grasslands within Elk Island National Park, in western Canada. However, in southwestern 

Montana, USA, it is likely the combination of an increase in grazing of fine grassy fuels that 

support surface fires, and low summer precipitation rates, that has facilitated woody growth into 

grasslands (Heyerdahl et al., 2006). It is difficult to attribute forest encroachment to one factor 

due to the interconnectedness of fire, grazing, climate and vegetation competition and facilitation.  

Generally, fire suppression, changes in grazing pressure and warming temperatures 

occurred at similar times which creates difficulties when determining which factor has the largest 

impact on forest-grassland dynamics. For instance, the reduced grass cover, reduced light fuel 

levels and thus a reduction in fire frequency indirectly caused by intense grazing pressure can 

favour the establishment, encroachment and growth of woody plants over herbaceous species 

(Van Auken, 2009).  It may be the case that there is not one sole factor contributing to forest 

encroachment and the interaction between factors explains these dynamics. The interaction 

between grazing and fire intensity is the primary reason that woody species are invading and 

taking over grasslands in central USA (Briggs et al., 2002a). Heavy grazing into the early fall 

leaves minimal standing vegetation to support fires which creates a positive feedback that 

promotes the growth and establishment of woody species in the grasslands (Briggs et al., 2002a).  

2.5 Consequences of encroachment 

 It is clear that many factors can affect ecotone dynamics resulting in changes in 

vegetation composition, but why does this matter? There are many negative consequences of 
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forest encroachment into grassland and tundra vegetation. Issues concerning biodiversity, 

conservation, and wildlife habitat arise when grassland and open vegetative areas are invaded by 

trees and woody plants. Major changes in vegetation composition can have substantial 

implications for ecosystem services, water resources, and support for soil formation, nutrient 

cycling, and aesthetic and recreational services (DeSantis et al., 2011). Changes in spatial 

distribution of nutrients, nitrification, nutrient import and export, and hydrological processes, 

such as infiltration rates and precipitation interception, have been noted when steppe communities 

are invaded by juniper (Juniperus) (Klopatek, 1987; Miller & Wigand, 1994).  

 Red cedar (Juniperus virginiana L.) encroaching into tallgrass prairie has significant 

effects on the diversity and productivity of the grassland plant community (Briggs et al., 2002a). 

Red cedar is one of the most widely distributed tree species in the eastern United States, and is 

characterized by rapid growth, high reproductive output, and widespread seed dispersal 

(Holthuizjen & Sharik, 1985). Red cedar encroachment causes grasslands to have very low 

species richness and, under the forest understory, a reduction of 99% of the herbaceous 

productivity was found in central USA (Briggs et al., 2002a). Savannas and woodlands (mean 

tree canopy cover of 20-70%) have the highest plant species richness when compared to closed 

canopy forests (Peterson & Reich, 2008). The main difference between savanna/woodlands and 

forests is the amount of canopy cover; an encroachment of forest and an increase in canopy cover 

will reduce species richness. Low or intermediate canopy cover allows for large numbers of 

grasses, forbs and woody species to coexist in close proximity creating a diverse and 

heterogeneous landscape (Peterson & Reich, 2008). Tree canopy cover has been found to 

represent a complex ecological gradient with impacts on many different factors including soil 

nitrogen cycling rates, soil moisture and above-ground net primary productivity (Reich et al., 

2001; Peterson et al., 2007).  
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 The main ecological effect of decreased disturbance, for example fire, on the landscape is 

a decline in diversity at multiple scales (Rhemtulla et al., 2002). Changes in disturbance regimes 

will change vegetation composition and this might not only be a reduction in species richness but 

also rare species. For example, the loss of grassland openings has caused concern for 

conservationists in the Buffalo Mountain, Virginia region because they serve as habitat for 

endemic, rare, or threated plants and insects (Ludwig, 1999; Copenheaver et al., 2004). 

Researchers have attempted to identify the origins of these openings and discuss management 

options for maintaining them (Copenheaver et al., 2004); human intervention is necessary to 

maintain the abundance of rare species. When significant reductions in the abundance of meadow 

species occurs after forest encroachment, their vegetative recovery potential is limited which 

makes restoration attempts that much more difficult (Haugo & Halpern, 2007). If diversity and 

heterogeneity is decreasing, there is a good chance that rare species may disappear. In Banff 

National Park, it is predicted that one-third of vegetation types may be lost entirely from the 

landscape due do a decrease in the fire regime (Achuff et al., 1996). As species are lost, 

ecosystems will become more homogeneous which can facilitate and enhance the detrimental 

effects of other disturbances. The increase in homogeneity of forest stands in Jasper National 

Park is worrisome because of the spread of mountain pine beetle; large, pure mature stands would 

sustain an outbreak more so than a younger, mixed stand (Rhemtulla et al., 2002).  

 Grasslands and tundra environments provide important habitat for many species and the 

elimination of these ecosystems could be detrimental to the species population. Fescue grasslands 

in Cypress Hills, in southeastern Alberta, provide habitat for numerous species including the 

Sprague’s pipit (Anthus spagueii), mountain plover (Charadius montanus), and the burrowing 

owl (Athene cunicularia) (Widenmaier & Strong, 2010). These fescue grasslands are of important 

concern because the Sprague’s pipit is listed as a threatened species and the burrowing owl listed 
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as endangered status in Canada (Widenmaier & Strong, 2010). The increase in woody species 

biomass into former grassland communities results in these regions unable to support populations 

of grazers and the pastoral economy (Campbell et al., 2007). Herbaceous biomass generally 

supports grazers while the woody biomass may support some species-specific browsers however 

many woody species are difficult for browsers to use (Van Auken, 2009). Although forest 

encroachment may continue to support a habitat for browsers, there will likely be a decrease in 

wildlife in that region due to unpalatable woody species and the loss of herbaceous species.  

 At a broader scale, the impacts of woody plant encroachment are less clear. Several 

studies have examined the possible implications on the global climate system and both positive 

and negative feedbacks have been hypothesized. Coniferous forests are more effective in 

converting short wave energy into heat than alpine and arctic vegetation (Grace et al., 2002). 

Winter albedo for coniferous stands is low (0.11-0.21) compared to the high albedo of snow-

covered tundra (0.6-0.8) (Foley et al., 1994). As such, models indicate an increase in temperature 

following shrub expansion in the Arctic due to a decrease in albedo and increased 

evapotranspiration (Bonfils et al., 2012). However, an increase in trees may result in an increase 

of carbon sequestration which will increase the terrestrial carbon sink (Grace et al., 2002). It is 

possible that an increase in carbon uptake could create a negative feedback with climate by 

lowering the amount of carbon in the atmosphere. Loranty and Goetz (2012) stress that the 

current understanding of possible feedbacks relies on limited and local field studies and the 

estimates of feedback effects on regional and global climate remain uncertain. Further work is 

needed to understand the impact of increased forests on regional climate.  

2.6 Northern ecosystems 

It is evident through this review that the body of literature on forest-grassland dynamics 

is extensive. Research has focused on investigating the main factors promoting forest 
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encroachment into grasslands, although no conclusive rules in predicting encroachment outcomes 

have been established. Grasslands are much less common in northern environments, compared to 

the Canadian prairies and United States. Few studies have investigated forest-grassland dynamics 

in northern areas, although some work has been conducted in northern and interior BC (Bai et al., 

2000; Bai et al., 2004). The focus of northern ecotone research generally lies on the forest-tundra 

boundary. Recently, the focus has been on climate warming and the possible associated 

northward movement of treeline into tundra. Warming climate has been attributed to the 

migration of treeline northward, and upward, into tundra across the Arctic (Danby & Hik, 2007a; 

Kharuk et al., 2010; Olthof & Pouliot, 2010). Forest response to warming has been caused by 

temperature increases in the winter; 1°C of wintertime warming has promoted a 50 m upward 

shift of the forest line along upper mountains of Siberia (Kharuk et al., 2010). Although a swift 

northward movement of the forest-tundra ecotone is expected it is based on simple models that 

relate the position of the ecotone to the local climate (Hofgaard & Harper, 2010). As with forest-

grassland dynamics, the asynchronous advance of treeline is thought to be a result of numerous 

controlling variables interacting at different scales in a complex manner (Danby, 2011; Malanson 

et al., 2011).  

2.6.1 Yukon 

Whether or not northern forest-grassland ecotones will respond to changing factors, such 

as warmer temperatures, in a fashion similar to forest-tundra ecotones is unknown. The 

grasslands of interest in this study are located in the Ruby Ranges ecoregion of the Yukon; one of 

Yukon’s driest ecoregions as it is located in the rain shadow of the St. Elias Mountains (Smith et 

al., 2004). Grasslands within the western portion of the Boreal Cordillera Ecozone are largely 

restricted to south-facing slopes and it has been suggested that the distribution of grasslands is 

strongly controlled by aspect-related differences in microclimate (Sanborn, 2010). Tree 
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composition of the Ruby Ranges ecoregion is mainly boreal forest; white spruce dominates the 

landscape with trembling aspen occurring with white spruce in younger stands on warmer sites 

(Smith et al., 2004). Wildlife is abundant and diverse in the Ruby Ranges. Dall sheep (Ovis dalli), 

caribou (Rangifer tarandus), elk (Cervus Canadensis), wood bison (Bison bison athabacae), and 

arctic ground squirrels (Spermophilus parryii) populate the area benefiting from the diverse 

landscape (Smith et al., 2004). Wood bison were reintroduced to the area between 1988 and 1992 

and exhibited rapid growth reaching a management goal of 500 by 2000 (Fischer & Gates, 2005). 

Populations are currently estimated to be 1230 demonstrating successful and extensive growth of 

the reintroduced population over the past few decades (Yukon Wood Bison Technical Team, 

2010).  

Xeric grasslands in the Aishihik Lake region were identified as an Environmentally 

Significant Area by the Canadian Arctic Resources Committee in 1980 (Theberge et al., 1980). 

These grasslands are a significant biotic feature and are thought to be relict from earlier Holocene 

times and are sensitive to grazing pressures in particular (Sauchyn, 1987). The Aishihik Lake 

grasslands contain almost all of the same graminoids and forbs as grasslands in the Kluane Lake 

area, as well as a number of graminoids not found in Kluane grasslands (Sauchyn, 1987). Silty 

soils surround the Kluane Lake region and are present due to the proximity to the Slims River 

(Laxton et al., 1996). The productivity of the Kluane Lake grassland ecosystems increases with 

deposition of loess (Laxton et al. 1996). Due to the presence of the Slims River delta and the 

subsequent loess deposits, grasslands in the Kluane Lake region are thought to be more 

productive than those in the Aishihik Lake region (Vetter, 2000). The few studies conducted on 

southwestern Yukon grasslands have focused on floristic composition (Vetter, 2000), grazing 

regimes (Fischer & Gates, 2005), soil horizons and properties (Sanborn, 2010) and the Beringian 

paradox (Laxton et al., 1996). The Beringian paradox pertains to the evidence of large ungulate 
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herds populating unglaciated areas during the late Pleistocene when evidence suggests that these 

areas were unproductive tundra environment. Through these studies in the region, there has been 

qualitative information concerning forest-grassland ecotones, however no quantitative studies 

were undertaken.  

The forest-grassland boundaries in the Kluane Lake area are hypothesized to be 

influenced by fire history, substrate characteristics, and patterns of cold air drainage (Sanborn, 

2010). However, these local factors were not specifically studied and could vary between 

grasslands along with other abiotic and biotic factors influencing vegetation boundaries. 

Grassland patches in the Kluane Lake region often have sharp edges coinciding with abrupt 

changes in aspect; this relationship between grassland distribution and permanent topographic 

features might suggest that these vegetation patterns will persist in the face of climate change 

(Sanborn, 2010). It is important to note that aspect-controlled boundaries between grasslands and 

spruce forest occur on slope breaks on terrace edges and at the crests of ridges (Sanborn, 2010). 

From my recent observations these sharp boundaries at the crests of ridges generally consist of 

white spruce forest on the north-facing slope and grassland on the south-facing. Similar 

observations have been made in the Aishihik Lake region. The boundary at the crests of slopes 

between north-facing white spruce forest and south-facing grassland appears to be stable due to 

the absence of spruce seedlings in the grassland (Vetter, 2000). However, along the lower and 

lateral edges of grassland slopes there appears to be forest and shrub invasion, but further 

encroachment is maintained by browsing (Sauchyn, 1987; Vetter, 2000). Lausi and Nimis (1991) 

conclude that grasslands on south-facing slopes in the Yukon are a long-lasting successional stage 

that will remain stable under present climate conditions. Snowshoe hare (Lepus americanus) 

browsing, slope destabilization by arctic ground squirrel grazing and burrowing, and the aridity of 
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south-facing slopes have also been suggested as local factors attributing to the persistence of 

Aishihik Lake grasslands (Vetter, 2000). 

2.7 Methods of ecotone change detection 

A variety of methods have been used to analyze ecotone change including 

dendrochronology, repeat photography, historical records and resurveys. As previously 

mentioned, Danby (2011) provided a comprehensive review of these and stressed the importance 

of spatial and temporal scales; the most appropriate method(s) should be determined with the 

objective and scale of the study in mind. This thesis aims to characterize and identify changes in 

forest-grassland ecotones over the last century. Both population and landscape changes should be 

identified in the study, and across a large temporal scale. Two methods, dendroecology and repeat 

aerial photography, were used in this thesis. Dendroecology will be used to identify more 

population-scale changes and provide a detailed analysis of change. Repeat aerial photography 

will provide a more landscape-scale analysis of ecotone change in the Kluane Lake region in 

southwest Yukon.  

2.7.1 Dendrochronology 

 Tree-ring analysis is one of the most widely used techniques to study forest disturbance 

and succession in nontropical areas (MacDonald, 2003). Dendrochronology is the study of the 

chronological sequence of annual growth rings in trees. A key word in that definition is annual; 

trees used for dating purposes must add only one ring for each growing season (Stokes & Smiley, 

1996). If trees, for example species found in tropical areas, are putting on more than one apparent 

growth ring then the main purpose of tree-ring analysis, dating, is unattainable. Tree ring width 

can vary with anything that affects tree growth therefore annual records of many natural 

phenomena can be developed (Speer, 2010). Some of these natural phenomena are very important 
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and subfields of dendrochronology have developed such as dendroecology, dendroclimatology 

and dendrogeomorphology.  

Dendrochronology is possible when: (i) annual rings are present, (ii) there is one 

environmental factor dominating growth, (iii) this factor varies in intensity from year to year, (iv) 

the environmental factor affects a large geographical area (Stokes & Smiley, 1996). Three of the 

four conditions revolve around an environmental factor that limits growth; this factor will result 

in annual rings of varying widths and create a usable pattern for dating and cross-dating. 

Environmental factors will vary between regions generally depending on the physical location of 

the forest. In areas of subtropical monsoonal climate, with wet summers and dry winters, annual 

rainfall is the growth-limiting environmental factor (Grau & Veblen, 2000). Temperature is 

generally thought to be the growth-limiting factor in high elevation and forest-tundra regions 

(Grace et al., 2002). Height growth of trees decreased with increasing latitude along a 300 

kilometer transect in northern Quebec, Canada due to colder temperatures further north (Gamache 

& Payette, 2004). As environmental factors vary over the years tree growth and the width of 

annual rings will be affected; larger rings in years of better growth.  

Crossdating is an important technique and is possible when ring patterns are similar due 

to the influence of a climatic factor. Crossdating is the main tool by which the exact year of 

growth of every annual ring is determined (Speer, 2010). Trees within the same region can be 

cross dated; their ring patterns can be matched, even though some microclimatic differences may 

be reflected in individual ring patterns there are adjustments that account for this (Stokes & 

Smiley, 1996). Without crossdating, a simple ring count is likely to result in error due to locally 

absent or false rings (Speer, 2010).  

 Dendrochronology methods can be used to assess tree recruitment patterns (Dyer & 

Moffett, 1999; Moore & Huffman, 2004; DeSantis et al., 2011). Using tree rings to age all trees 
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within a stand can identify periods of peak tree establishment and periods of limited or no 

establishment (Copenheaver et al., 2004). Ground-level ring counts in young stands are a reliable 

way to identify initial regeneration patterns (Peters et al., 2002). Identifying regeneration patterns 

is important in ecotone studies because the nature of the ecotone dynamics, either static or in 

equilibrium, can be addressed. Dendrochronology can also be used to date disturbances, 

especially to develop a fire history through the dating of fire scars. Surface fires can cause abrupt 

changes in cambial growth and will result in a fire scar that is dateable (Heyerdahl et al., 2006). A 

fire history is useful when determining the main factors affecting forest encroachment because 

the exact years of fire occurrence is known and could then be related to a pulse in establishment 

soon after.  

 Methods of dendrochronology are well established, from fieldwork and data collection to 

laboratory methods. Trees must be cored or cut down and a basal section removed to count the 

rings and thus age the tree. Coring a tree involves using an increment borer to drill a small hole 

into the tree and removing a core; coring is a non-destructive sampling technique. Destructive 

techniques are required when trees are too small to core, which is a decision made by the 

researcher and ranges from trees smaller than 7 cm at the diameter of breast height (DBH) 

(Copenheaver et al., 2004) up to 10 cm DBH (Haugo & Halpern, 2007). Increment cores and 

basal sections should be collected as close to the ground as possible to increase the accuracy of 

estimated establishment dates (Coop & Givnish, 2007). Basal sections are generally easy to take 

at ground-level, or close to, but cores must be taken further up the tree due to the increment borer 

handle. Generally cores are taken 15 to 30 cm above ground (Heyerdahl et al., 2006) and the 

number of years it takes the tree to reach this height should be calculated and included in the 

chronology. Age-to-sample height adjustments are based on age-height regressions that are 

developed from ring counts of basal sections of multiple seedlings per species from the same 
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region (Haugo & Halpern, 2007). Once all cores and sections are collected, common laboratory 

methods including sanding, counting and measuring rings are performed.  

Tree cores may not include the pith which is necessary for accurate aging of the sample; 

many techniques exist to account for this. For example, the missing rings can be estimated from a 

series of ring pattern templates which are derived from complete cores with similar ring width 

patterns (Haugo & Halpern, 2007). These methods are accurate and often not many rings need to 

be added to the count (Widenmaier & Strong, 2010). Dendrochronology is a very valuable and 

important environmental recording technique; methods are well developed and have proven very 

useful in encroachment studies throughout the decades.  

2.7.2 Repeat image analysis 

 The use of repeat aerial photography is common in studies investigating large-scale 

forest-grassland dynamics (Mast et al., 1997; Bowman et al., 2001; Rhemtulla et al., 2002; Coop 

& Givnish, 2007). Repeat photographs, of the same area, spanning several decades can be 

compared to quantify the amount and type of landscape change. Historical aerial photographs can 

also be compared to recent satellite imagery to quantify the rate and extent of forest 

encroachment (Widenmaier & Strong, 2010). The use of aerial photographs and satellite images 

is beneficial for capturing a larger spatial scale, compared to dendrochronological techniques, and 

add to the temporal depth that can be found through field methods.  

 Once a satellite image is acquired, orthorectification is necessary to remove distortion 

from the image and rectify the image to the correct Universal Transverse Mercator (UTM) map 

projection. Generally a Digital Elevation Model (DEM) is used, in addition to Ground Control 

Points (GCPs) collected manually or those provided with the raw satellite image, to correct the 

image. Once the satellite image is orthorectified, it can be used as a georeference control for 

aerial photographs. To orthorectify aerial photographs, multiple points visible in both images 
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need to be identified; this can be performed using programs such as PCI Geomatica, ArcGIS etc. 

These points should be prominent permanent features of the landscape such as large rocks, 

outcrops, roads and historical buildings (Coop & Givnish, 2007).  

 Once all images are orthorectified, classification of vegetation types can be performed. 

Widenmaier & Strong (2010) used unsupervised classification by using a numerical grey-scale 

threshold to determine treed and non-treed areas on the Cypress Hills plateau, Alberta, Canada. 

Issues can arise using automated techniques with incorrectly delineated polygons; classification 

must be reviewed for errors and discrepancies. Field work can be used to determine present 

vegetation cover and thus the tonal signature of vegetation on recent photography which can be 

extrapolated to the other photographs (Mast et al., 1997). A unique brightness value can then be 

assigned to different vegetation classes which can improve the accuracy of the automated process. 

Due to variable levels of grey-scale contrast between photos and grasslands at different 

elevations, as well as the risk of misclassification of rockfields as grasslands, Coop & Givnish 

(2007) opted to manually delineate grassland patches in their study region of New Mexico, USA. 

More errors may arise using an automated approach, however manual delineation is very time-

consuming; the most appropriate method should be chosen based on the objective of the study.  

 Using ArcGIS, the total area of each vegetation type, and of each individual patch can be 

calculated. While this information is important, further spatial analyses can be performed using 

FRAGSTATS (McGarigal & Marks, 1995). Vector data containing polygons of vegetation types 

can be transformed to raster data and imported into FRAGSTATS for analysis. FRAGSTATS has 

three levels of metrics: patch, class and landscape. Patch-scale metrics are useful for obtaining 

information on each individual patch and characterizes the spatial character and context of 

patches. Class-scale metrics will provide information based on each vegetation class specified; 

information is given on all patches of a given class (e.g. vegetation type). Lastly, landscape-scale 
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metrics are integrated over all patch types or classes over the entire study area. For example, 

some of the landscape metrics that can are available are richness (number of patches), patch area 

and edge, core area (the interior of patches using a user-specified edge buffer), aggregation (the 

degree of clumping of patch types), and diversity (composite measure of richness and evenness).  

2.8 Conclusions 

 Forest encroachment has been documented across the world; however, forest-grassland 

dynamics in the southwest Yukon are unknown. Loss of grasslands can result in a decrease in 

habitat for local flora and fauna and might decrease landscape heterogeneity. The governing 

factors influencing forest encroachment include climate, topography, grazing, fire, and success of 

seedling establishment. In this study, dendrochronological techniques were used to infer and 

investigate causes and mechanisms of ecotone and population change. Repeat image analysis was 

used to enhance the local-scale dendrochronology work by studying the changing configuration 

of grasslands over time. Multi-scale approaches are important for ecotone studies; the use of 

dendroecological techniques combined with repeat image analysis can provide a more complete 

understanding of forest-grassland dynamics.  
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Chapter 3 

A Dendroecological Investigation of Recent Forest-Grassland Dynamics 

in Southwest Yukon, Canada 

 

3.1 Abstract 

 Forest-grassland dynamics have been studied extensively throughout North America and 

results of many studies indicate a recent loss of grasslands due to tree invasion. Forest 

encroachment can alter ecosystem processes, result in a loss of habitat for grassland species, 

create a more homogeneous landscape, and is a conservation concern. The governing causes of 

this widespread phenomenon vary from broad-scale factors, such as climate and fire suppression, 

to small-scale factors, including soil conditions and competition. We examined forest 

encroachment rate and extent between two regions (Kluane Lake and Aishihik Lake), and three 

topographic positions (north- and south-facing slopes and flat terrain), in southwest Yukon. 

Dendroecological techniques were used to identify periods of tree invasion, changes in age 

structure, pulses of tree establishment, and possible correlations with climatic variables. Results 

indicate that trees invaded an average of 30 meters into grasslands on south-facing slopes and flat 

terrain over the last 60-80 years, depending on the area. Significant pulses of trembling aspen 

(Populus tremuloides) establishment into grasslands occurred on south-facing slopes and flat 

terrain during 1995-1999 and white spruce (Picea glauca) establishment peaked 15 years earlier. 

Ecotones on north-facing slopes are more stable with 60-year old white spruce established at the 

crests of ridges. Although warmer temperatures have allowed for enhanced aspen establishment, 

results suggest there may be other factors, such as soil moisture and herbivory, that have 

influenced tree encroachment. 
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3.2 Introduction 

 Contemporary dynamics of forest-grassland ecotones have been studied across the world, 

including Canada (Bai et al., 2004; Kochy & Wilson, 2004), the United States (Butler, 1986; 

Briggs et al., 2002a; Van Auken 2009), Australia (Bowman et al., 2001; Wearne & Morgan, 

2001; Robinson, 2006), Europe (Didier, 2001; Dullinger et al., 2003; Aune et al., 2011) and 

Africa (Mourik et al., 2007 Mitchard et al., 2009). Many of these studies have demonstrated an 

encroachment of trees and shrubs into grassland environments during the last century. Such 

changes in vegetation composition and distribution can affect ecosystem processes, water 

resources, distribution of nutrients, and the overall aesthetics of the landscape (Miller & Wigand, 

1994; Moore & Huffman, 2004; DeSantis et al., 2011). Forest encroachment into grasslands also 

renders these areas unusable for many grazing mammals and the loss of these ecosystems can be 

detrimental for obligate grassland species. A loss of biodiversity may have direct consequences 

for conservation if the grasslands are disproportionately home to endemic, rare, or threated plants. 

For instance, the loss of grassland openings in the Buffalo Mountain region of Virginia, USA, is 

of great conservation concern as these areas serve as habitat for a variety of rare plants and 

insects (Ludwig, 1999; Copenheaver et al., 2004). Similarly, threatened and endangered species, 

such as the burrowing owl (Athene cunicularia), are losing essential habitat due to forest 

encroachment into the fescue grasslands of Cypress Hills, Alberta, Canada (Widenmaier & 

Strong, 2010).  

A number of causal factors have been linked to forest encroachment into grasslands over 

the past decades, including fire suppression (Heyerdahl et al., 2006; Coop & Givnish, 2007; 

DeSantis et al., 2011), changes in grazing regime (Mast et al., 1997; Sankey et al., 2006a; den 

Herder et al., 2008), and climate change (Wearne & Morgan, 2001; Coop & Givnish, 2007; 

Widenmaier & Strong, 2010). Other variables, such as topography (Chinn & Wang, 2002; Sankey 
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& Germino, 2008) and microhabitat conditions, including favourable moisture regimes (Bai et al., 

2004) and facilitation (Kennedy & Sousa, 2006; Kuntsler et al., 2007) have been shown to 

mediate the extent of forest encroachment within a particular region. 

Changes in climatic variables, such as temperature and precipitation, have recently 

influenced forest-grassland ecotones (Grau & Veblen, 2000; Strong et al., 2009). Precipitation 

has increased, along with tree establishment, in south central New Mexico, USA, suggesting 

climate change as a predominant factor influencing forest encroachment (Dyer & Moffett, 1999). 

Similarly, increased summer water availability in northern Alberta, Canada, is responsible for an 

increase in aspen encroachment into grasslands (Strong et al., 2009). Low temperatures can cause 

damage to tree seedlings and warmer temperatures in New Mexico, USA, have allowed for 

successful tree establishment into grasslands (Coop & Givnish, 2007). 

Grazing regimes also influence grassland dynamics with effects resulting directly from  

herbivory but also from trampling effects. Woody encroachment into grasslands in Arizona, 

USA, has been linked to an increase and expansion of livestock grazing (Van Auken, 2009). 

However, pulses of seedling establishment have also been recorded when the grazing regime 

shifts from high to moderate grazing intensity (Dunwiddie, 1977; Norman & Taylor, 2005). 

Grazing can enhance forest encroachment by exposing mineral soil which creates areas of 

establishment facilitating tree invasion (Rummel, 1951). Forest encroachment is likely to be 

highest when there is a balance between the positive effects and negative effects of grazing (Mast 

et al., 1998), which will vary between regions and across different scales. Moderate cattle grazing 

can create small openings free of grasses but without negative associations such as seedling 

herbivory and trampling, thereby promoting tree establishment (Mast et al., 1998).  

The maintenance of many grasslands has shown to be due to frequent surface fires in the 

past that were capable of killing invading trees and saplings (Bragg & Hulbert, 1976; Heyerdahl 
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et al., 2006). The suppression of fire has been widespread over the past century and, in some 

areas, is the primary cause of forest encroachment into grasslands (Briggs et al., 2002; Rhemtulla 

et al., 2002; Widenmaier & Strong, 2010). In the montane grasslands of New Mexico, USA, the 

most important factor causing forest encroachment is the cessation of frequent fire (Coop & 

Givnish, 2007). In Cypress Hills, Alberta, Canada, fire suppression has enhanced long-term forest 

encroachment by not periodically destroying recently established tree seedlings (Widenmaier & 

Strong, 2010).  

There are many differences associated with topography that may influence, both directly 

and indirectly, forest encroachment. North-facing slopes generally foster a moister environment 

which has been shown to promote forest expansion (Mast et al., 1997; Weisberg et al., 2007) and 

regeneration and establishment of seedlings (Hogg & Schwarz, 1997). However, in northern 

British Columbia, Canada, warm, south-facing slopes have experienced the highest probability of 

forest encroachment and north-facing slopes have the highest probability of filling-in (Bai et al., 

2004). Moisture and thermal regimes differ between aspects and can strongly influence the 

success of tree establishment. Suitable microhabitats are determined by the interactions of many 

different factors (McKinley & Auken, 2005). Studies have found that the presence of trees and 

shrubs facilitates tree encroachment into grasslands by creating ‘safe-sites’ (Kuntsler et al., 2007) 

and creating a shaded, more moist environment (Kennedy & Sousa, 2006).  The general 

conclusion from these studies is that forest encroachment into grasslands is highly dependent on 

environment and local conditions which will vary across regions. 

Southwest Yukon, Canada, provides a particularly interesting environment for studying 

forest-grassland ecotones and their dynamics. Grasslands in this region occur as discrete openings 

within the boreal forest matrix. Like other grasslands in Yukon and Alaska, they are hypothesized 

to be modern analogues of Beringian assemblages (Laxton et al., 1996; Vetter, 2000). The 
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locations and floristic similarities suggest these grasslands might be relicts of steppe communities 

dating back to glacial Beringia (Vetter, 2000). They contain several plant species unique to the 

area when compared to Kluane Lake, Alaska, and northern Great Plains, and are therefore of 

conservation concern (Vetter, 2000). The region has undergone some of the largest temperature 

increases in Canada over the last half century (Prowse et al., 2009) and other ecotones in the 

region, including alpine treeline (Danby & Hik, 2007a, 2007b) and alpine shrubline (Myers-

Smith 2011), advanced significantly during this same period. However, the extent of woody plant 

encroachment at lower elevations remains unknown. 

The southwest Yukon environment also provides an opportunity to evaluate the relative 

importance of topography as a mediating factor in forest encroachment since grassland openings 

occur on a variety of slopes and aspects. Additionally, two distinct clusters of grasslands are 

present in the region (Figure 3.1). Grasslands surrounding Aishihik Lake support a resident herd 

of wood bison (Bison bison athabascae) while Kluane Lake grasslands do not. Comparison of 

recent ecotone dynamics in the two regions could provide insight into the relative role of large 

herbivores in maintaining grasslands in northern environments.  

The overarching goal of this study was to identify the extent of recent forest-grassland 

dynamics in southwest Yukon as well as to evaluate the influence of topography and, indirectly, 

grazing regime on these dynamics. Specific research questions were: (1) Are forests encroaching 

into grasslands in southwest Yukon? (2) Does the rate and extent of forest encroachment vary 

with topographic or regional setting? (3) How do climate, grazing, and topography influence 

forest encroachment? Timing of tree establishment was identified using dendroecological 

techniques. Ecotone structure, tree age distribution and population dynamics, as well as climate 

data from two different regions and three topographic environments were analyzed and used to 
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examine the rate and extent of tree invasion into grasslands and possible underlying factors 

influencing encroachment. 

3.3 Methods 

3.3.1 Study area 

This study was conducted in southwest Yukon with sites situated in the Kluane Lake (61°07’N 

/138°24’W) and Aishihik Lake (61°36’N / 137°21’W) regions (Figure 3.2). A mosaic of grassland 

patches is found along the southeast side of Kluane Lake, occurring primarily on south-facing slopes 

between 800 and 1000 m, but also occasionally on level sites. Similar grassland patches are found in 

the Aishihik Lake region, along the east side of the Lake, around its north end, and between Aishihik 

and Sekulmun Lakes.  

Kluane Lake grasslands are dominated by sagewort (Artemisia frigida) and fescue (Festuca 

saximontana) (Laxton et al., 1996) whereas the dominant species on Aishihik Lake grasslands are 

sagewort and sedge (Carex filifolia) (Vetter, 2000). The difference in grassland communities between 

the two regions may be due to the differences in soil. Productivity of grasslands has been found to 

increase with the deposition of loess (Johansen et al., 1989; Laxton et al., 1996). The silty soils in the 

Kluane Lake region are derived from loess, wind blown sediment, from the Slims River which forms a 

broad delta at Kluane Lake (Laxton et al., 1996). Grasslands in the Aishihik Lake region no longer 

receive active loessal deposition and are expected to be less productive as a result (Vetter, 2000), 

which may, in turn, influence community composition.  

White spruce (Picea glauca) is the dominant tree species found throughout the boreal forest of 

southwest Yukon, forming both closed and open stands up to alpine treeline at 1300 m. Trembling 

aspen (Populus tremuloides) is also present throughout the region, though less common and more 

localized, being found primarily on dry, well-drained sites. Both species are found in association with 
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boundaries surrounding grasslands. North-facing slopes in the two forest-grassland mosaics are 

generally dominated by white spruce, except near the tops of ridges where grasslands on south-facing 

slopes extend over onto the uppermost portions of north-facing slopes. In these instances the forest-

grassland ecotone appears more abrupt and is comprised almost exclusively of white spruce. In 

contrast, forests on south-facing slopes and in level areas typically consist of aspen at the grassland 

edge and transition into white spruce forests with increasing distance from the grassland.   

The terrain in the Kluane Lake area is comprised of a variety of grades and aspects all 

experiencing similar broad-scale climate. We used this variation as a way of dividing the landscape 

into discrete aspects which allowed for the investigation of the role of topography in forest 

encroachment. Grasslands in the Aishihik Lake region broadly resemble those in the Kluane Lake 

area, but differ in that the area supports a herd of wood bison. Between 1988 and 1992, 170 bison were 

released into the southwest Yukon (Yukon Department of Renewable Resources, 1998); a herd of 

wood bison now ranges in the Aishihik Lake region (Yukon Wood Bison Technical Team, 2010). The 

population reached the management goal of 500 by 2000 (Fischer & Gates, 2005) and is now 

estimated to be 1230 (Yukon Wood Bison Technical Team, 2010) which demonstrates extensive 

growth in the past 20 years. The similarity between both regions in aspects, slope and macroclimate 

allows for the investigation of grazing and its possible impact on forest encroachment.  

3.3.2 Field methods 

In the summer of 2011 spruce and aspen were sampled from 28 sites across the two 

regions (Kluane and Aishihik) and three topographic positions (north- and south-facing, and flat 

terrain). Sampling was conducted on 9 south-facing slopes, with varying slope grades (10° – 40°), 

in Kluane and Aishihik to investigate regional differences. Additionally, in the Kluane region 

only, 5 sites on north-facing slopes and flat terrain were sampled. The initial 5 south-facing 

slopes sampled in Kluane were used, in addition to the north-facing slopes and flat terrain, to 
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investigate the influence of topography. Locations were identified through the use of satellite 

imagery and refined through on-ground site selection. At each site, 5 transects were established 

beginning at the grassland edge and ending at the mature forest. Transects varied in length 

depending on the nature of the ecotone, whether abrupt or not, but never exceeded 50 m in length. 

We established three sampling points along each transect. The first point was located at the edge 

of the grassland (Figure 3.3). The third point was located at the beginning of the mature forest. 

Mature forest was identified by assessing increases in canopy cover where trees had DBH >10 

cm. The middle point of the transect was positioned halfway between these two points in a 

transition between forest and edge. A point-center quarter technique was used to select trees for 

sampling at each of the three transect points (Krebs, 1999). 

Quadrants were established at each point with the closest tree (classified as individuals 

>50 cm in height) in each quadrant sampled. If the closest tree was dead, it was sampled along 

with the nearest live tree. A minimum of 4 live trees were sampled at each point with a possible 

maximum of 8 if dead individuals were included. Measurements included species of tree, 

diameter at basal and breast height, height, distance from the transect point to the individual, and 

a qualitative assessment of tree health. Basal disks (n = 1376) were collected from smaller trees, 

approximately <8 cm DBH, whereas increment cores (n = 471) were collected from trees >8 cm 

DBH; 167 dead trees were sampled. Samples were taken as close to ground level as possible to 

increase the accuracy of estimated dates of establishment (Coop & Givnish, 2007). However, 

heart rot and abnormal growth required some samples to be obtained from greater heights.  

 Data on seedlings was also collected at each site. Seedlings (individuals <50cm height) 

were counted in a 1 m by 1 m plot at four points along each transect. Points for seedling count 

were grassland edge, transition, and mature forest, as well as at a point located in the open 
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grassland. Due to the low survival rate and trouble identifying germinants, they were not included 

in seedling counts.  

3.3.3 Laboratory methods 

Preparation and analysis of samples to determine year of establishment followed standard 

dendrochronological procedures (Stokes & Smiley, 1996). All tree cores were mounted and glued 

into wooden core mounts. Disks and cores were sanded with progressively finer grades of sand 

paper until rings and xylem cells were clearly visible under a microscope. Annual ring widths 

visible to the naked eye were measured using WinDendro, a digital image measurement system 

(Regent Instruments Inc., Quebec, QC, Canada). All other samples were measured using a 

stereomicroscope and Velmex measuring system interfaced with the software Measure J2X 

(Velmex Inc., Bloomfield, New York, USA). Dating of rings was initially conducted on the best 

material from each species at each site and subsequent samples were cross-dated to these 

individuals. To account for differences in growth within individual years, samples were carefully 

examined and the radii which was most representative of the average ring-width pattern was 

chosen (Cooke & Roland, 2007).  

Cross-dating validation was performed using COFECHA (Laboratory of Tree-Ring 

Research, University of Arizona, Tucson, Arizona, USA) to verify ring counts of samples with 

more than 50 rings (n = 759). COFECHA was able to cross-date with certainty and assign 

calendar years to 81% of the live samples. Only 2 dead samples could not be cross-dated with 

certainty. In addition, 28 samples were either rotten or had less than 10 rings and were not cross-

dated or included in the analyses. These samples were found throughout each position, region and 

aspect and their exclusion did not affect the data. Over 50% of the live samples (n = 60) that were 

not cross-dated with certainty were spruce samples from north-facing slopes which exhibited ring 

wedging (Figure 3.4). Ring wedging produces abnormal growth patterns and is related to the 
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development and death of major branches as well as large variations in nutrients and growth-

regulator supplies (Fritts et al., 1965). A simple ring count is likely to contain errors due to the 

possibility of locally absent or false rings (Speer, 2010), however missing rings were rare and the 

samples (n = 117) that were not cross-dated with certainty are likely accurate to within one year.  

After cross-dating, adjustments for age-to-sample height and cores with missing piths 

were performed. Age-height regressions, developed from ring counts of basal sections of multiple 

seedlings (Haugo & Halpern, 2007), were created for both aspen and spruce and applied to all 

samples that were not taken at ground level. The maximum rings added to aspen samples was 7 

(core height of 80 cm); 16 rings (core height of 50 cm) was the maximum added to spruce. There 

are many techniques used to estimate the number of rings missed when the pith is not intersected 

(Josza, 1988; Renzo & Paola, 2001; Clark & Hallgren, 2004). When possible, number of rings to 

the pith was estimated geometrically in WinDendro; this technique was used for 60% of the cores 

(n = 219). Number of missing rings can be estimated by using both the average ring width of the 

earliest rings in that core as well as the estimated radius of the pith (Hessl & Graumlich, 2002). 

Photoshop Elements (Adobe Inc.) was used for the remaining cores (n = 144); a technique using 

concentric circles and mean ring width for the innermost rings was implemented. Lastly, the age 

of rotten samples or incomplete cores (n = 88) was estimated from diameter based on species-

specific regression equations taken from a large pool of aged samples (Haugo & Halpern, 2007).  

3.3.4 Data analysis 

Data analysis was grouped into three general areas: (1) analysis of ecotone structure, including 

age and structural differences across ecotone positions, to determine the extent to which tree 

encroachment has occurred and to assess differences in topography and between the Kluane Lake 

and Aishihik Lake regions; (2) analysis of pooled age distributions to determine whether any 

significant pulses of establishment occurred during the twentieth century; and (3) analysis of the 
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relation between climatic variables and tree establishment. Within each general area, data analysis 

tested for regional (Kluane Lake and Aishihik Lake) and topographical (North- and South-facing 

slopes, and flat terrain) differences. All statistical analyses were performed using SPSS 20.0 

(IBM SPSS, Chicago, Illinois, USA). 

Ecotone structure 

To examine ecotone structure, position along the transect was used for analysis of spatial 

patterns of tree establishment. The position along the transect was used to infer forest 

encroachment and an advance of the ecotone. If the age and structural properties of trees at the 

grassland edge were younger and smaller than those in the transition, as well as the forest, the 

inference was that the ecotone had advanced by way of trees invading the grassland. We used 

two-way nested analysis of variance (ANOVA) to test for main effects (p < 0.05) of ecotone 

position (Forest, Transition, Edge) and either region (Kluane, Aishihik) and aspect (South, North, 

Level) on the following variables: DBH, mean height, mean age, maximum age, mean live and 

seedling density, and mean proportion of dead trees. The mean of each attribute was calculated 

for each sampling point (4 live trees, possible maximum of 8 if dead individuals were included) 

along each transect. Transects were nested as a random factor within the ANOVA to account for 

variability among the five transects at each site.  

 When main effects were found, Bonferroni’s post-hoc test (p < 0.05) was used to 

determine where the significant differences occurred. When a significant interaction was found, 

main effects were disregarded and simple effects were tested using a one-way ANOVA (Cardinal 

& Aitken, 2006). A simple effect is the main effect of one factor at a given level of the second 

factor. This method was used when investigating the differences between position and both 

region and aspect. For all analyses, age data and structural properties of trees required log 

transformation to achieve a normal distribution or homogeneity of variance. Histograms were 
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used to compare the normality of the data while Levene’s test was used to test ensure 

homogeneity of variance.  

Age distributions 

Pooled age distributions were created by grouping establishment dates into 5-year age-

class frequency distributions. Establishment was grouped in pentads to compensate for 

uncertainty in the number of years to coring height, or estimates of rings to missing pith (Dyer & 

Moffett, 1999). Furthermore, climatic variables can influence successful establishment of trees in 

the years before, and after, establishment. Separate age distributions were developed for both 

spruce and aspen in Kluane and Aishihik, and for the three topographic positions (north- and 

south-facing slopes and flat terrain). The two pentads since 2000 (2000-2005 and 2005-2010) 

were excluded from analysis. It is likely that these two pentads are significantly underrepresented 

in the age distributions because individuals smaller than 50 cm were classified as seedlings and 

not sampled.   

Age distributions were compared with distributions predicted by a negative exponential 

function (Balogh & Grigal, 1988; Danby & Hik, 2007a). Uneven forest stands typically follow a 

negative exponential curve with few mature individuals and increasingly more younger trees. 

Deviations from the predicted negative exponential function may indicate a change in the pattern 

of recruitment or survival in a certain time period (Hett & Loucks, 1976; Danby & Hik, 2007a). 

The regression coefficients and residuals from each fitted model were used to identify when 

possible deviations occurred. Standardized Z-scores were calculated from the regression residuals 

of each period of establishment to test the significance of the deviation as well as to allow 

comparison between regions and topographic positions to identify common or distinct patterns in 

the overall population dynamics of the region (Danby & Hik, 2007a).  

Climatic relations 
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 Climate data was acquired from the Climate Research Unit located at the University of 

East Anglia, United Kingdom (University of East Anglia Climatic Research Unit, CRU TS 3.0) to 

examine the potential role of climate as a driver of ecotone dynamics. The data contained 

monthly global climate variables, divided into 0.5 degree resolution grids, spanning 1901-2006. 

The variables used in analysis were monthly average daily mean, maximum and minimum 

temperature as well as monthly precipitation. The closest grid cell to each site was used; 61.25°/-

138.25° and 61.75°/-137.25° for Kluane Lake and Aishihik Lake, respectively. Stepwise 

regression was used to determine the most important climatic factors influencing tree 

establishment. Independent climatic variables (mean, maximum, and minimum temperature and 

precipitation) were analyzed by grouping data as follows: annual, spring (May-June), summer 

(July-September), winter (January-April, October-December) (i.e. a total of 16 variables were 

included). Monthly values were used to calculate the annual and seasonal values. Establishment 

was grouped into 5-year periods, therefore the seasonal values were also averaged for each 5-year 

period. Separate analyses were performed for each species (aspen and spruce) in both regions 

(Kluane and Aishihik), and topographic position (north- and south-facing slopes, and flat terrain). 

Regression analyses were performed by forward stepwise inclusion of the independent climatic 

variables with coefficients that were significant at the 0.05 level.  

3.4 Results 

3.4.1 Ecotone structure 

Interregional comparison 

Similar results were found between many of the attributes including DBH, height, and 

mean and maximum age. Results complement observations in the field that trees at the edge were 

smallest and became progressively larger across the ecotone into the mature forest (Table 3.1). 
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Both region and position consistently showed a significant effect (Table 3.2). Generally, with the 

exception of seedling density, there was no interaction between region and position. The 

difference in ecotone structure across position was consistent between regions; forest 

encroachment appears to be occurring in a similar fashion in both regions. 

 The effect of position was similar for mean and maximum age of tree species in both 

regions (Figure 3.5). Trees at the edge were significantly younger than those in the transition (p < 

0.001) and the forest (p < 0.001). Trees in the transition were also significantly younger than 

those in the forest  (p < 0.001). Trees in Kluane were significantly older than trees in Aishihik 

(Table 3.2). The overall younger age of trees in Aishihik may be due to significantly more aspen 

present than spruce (p < 0.001). Seventy-nine percent of trees sampled in Aishihik (n = 480) were 

aspen compared to 60% (n = 350) in Kluane. However, Aishihik was found to have significantly 

younger trees at the edge (t-test, t = -2.005, p = 0.048) even though the majority of trees in both 

regions at the edge were aspen (Table 3.1). Density of live trees also differed between region and 

position (Table 3.2); post-hoc tests revealed density of trees at the edge were significantly greater 

than the transition (p = 0.043) and forest (p < 0.001) and density in the transition was greater than 

forest (p = 0.05). Although trees are young and small at the edge, they have a higher density; 

small trees occupy less space, compared to larger trees and therefore can occur in larger densities.  

Proportion of dead trees differed only by position (p = 0.027). The transition zone in 

Aishihik had a higher proportion of dead trees than the edge (p = 0.016). There were no 

significant differences in the proportion of dead individuals among ecotone positions in Kluane. 

Overall, the average proportion of dead trees for both regions at the edge was 4.2% (Table 3.1). 

Lastly, the density of seedlings significantly differed between Aishihik and Kluane in the 

transition zone (p < 0.001) but not at any other position (Table 3.2); density in Aishihik was 

highest (0.5 per m2). Seedling density in the open grassland was lowest in both regions. 
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Topographic comparison 

 Generally, similar trends were found for the same four attributes: DBH, height, mean and 

maximum age. Flat terrain and south-facing slopes followed the same trend of increasingly larger, 

diameter and height, trees from edge to forest (Table 3.3). The interaction term was significant for 

all four attributes; north-facings slopes consistently differed from the other topographic positions. 

North-facing slopes differed slightly between DBH and height trends and were consistently larger 

in diameter and height at the edge than flat terrain and south-facing slopes (Table 3.3).  

 The same trends were found for the effects of aspect and position on both mean and 

maximum age (Figure 3.6). Trees were significantly older as the transect progressed into the 

mature forest on both south-facing slopes and flat terrain (Tables 3.3). On north-facing slopes, the 

maximum and mean ages were significantly younger at the edge than the transition (p = 0.001 

and p = 0.004 for maximum and mean age, respectively) and the forest (p < 0.001). However, 

they were not significantly different between transition and forest. There was no difference 

between maximum or mean age of trees at the edge between south-facing slopes and flat terrain 

(p = 1.00). On north-facing slopes, trees at the edge were significantly older than those on south-

facing slopes (p < 0.001) and flat terrain (p < 0.001). Similarly, in the transition zone on north-

facing slopes the trees were older than those on south-facing slopes (p < 0.001) and flat terrain (p 

< 0.001). In the forest, there were no age differences among aspects (Figure 3.3). Although trees 

at the edge of north-facing slopes were younger than the transition and forest zones, they were an 

average of 40 years older than trees at the edge of the other topographic positions. 

 The density of live trees at the edge, the transition and the forest was similar across 

topographic positions (Tables 3.3). On flat terrain and south-facing slopes, the highest density of 

trees was found at the grassland edge (p < 0.001 and p = 0.001 for flat terrain and south-facing 

slopes, respectively). On north-facing slopes there was no significant effect of position on density 
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of live trees (Table 3.3). The proportion of dead trees was highest in the forest across all three 

topographic positions (Table 3.3). Similar to the interregional comparison, an average of only 

1.87% of trees at the grassland edge were dead. Lastly, on flat terrain, the only significant 

difference in seedling density was a higher density in the transition zone compared to the open 

grassland (p = 0.012). On south-facing slopes, there were no significant effects of position on 

seedling density. On north-facing slopes, the density of seedlings at the edge was larger than the 

open grassland (p = 0.002) and the forest (p = 0.003). Seedling density varied across aspects with 

the highest density at the edge, the transition and the forest for north-facing slopes, flat terrain and 

south-facing slopes, respectively (Tables 3.3).  

3.4.2 Age distributions 

Interregional comparison 

 Standardized regression residuals were used to identify common and/or unexpected 

pulses of establishment, or lack thereof, between Kluane and Aishihik; P values were obtained 

from the Z-score values. In both regions (Figure 3.7) aspen populations had a strongly positive 

significant deviation from model predictions in the 1995 period (p < 0.001 and p < 0.001 for 

Kluane and Aishihik, respectively) (Table 3.5). Aspen in Aishihik also exhibited a positive 

significant deviation from model predictions in the 1935 period (p = 0.007). Spruce did not 

exhibit this recent pulse in either region (Figure 3.7), although they did have common significant 

deviations in earlier periods (Table 3.5). In both regions there was a positive significant deviation 

from model predictions in the 1980 period (p = 0.01 and p < 0.001 for Kluane and Aishihik, 

respectively). Spruce in Aishihik also had a positive deviation from the model predictions with a 

significant pulse of establishment in 1975 (p = 0.016). Spruce in Kluane also experienced a 

significant pulse of establishment in the 1910 period (p = 0.008) as well as a significantly 

negative deviation from model predictions in the 1995 period (p = 0.021). A common trend in 
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both regions emerges with an unexpected pulse of establishment in spruce 15 years before a large, 

recent increase in aspen establishment. 

Topographic comparison 

 Aspen age distributions were similar on flat terrain and south-facing aspects with a 

significant positive deviation from model expectations in the 1995 period (p < 0.001 and p < 

0.001 for flat and south-facing, respectively). Aspen age structure on north-facing slopes were not 

included in analysis due to the unreliability associated with low sample size (n = 11). Some 

common pulses of spruce establishment were found between aspects, although each aspect also 

exhibited some unique trends (Table 3.6). Flat terrain had a significant positive deviation from 

model predictions in the 1980s (Table 3.6). South- and north-facing slopes both exhibited a 

significant positive deviation from the expected results during the 1910 and 1915 period (Table 

3.6). North-facing slopes also had a significant positive deviation in the 1925 period (p = 0.02) 

and a significant negative deviation during the 1995 period (p = 0.029). Differences associated 

with sampling size are obvious between the 5 south-facing slopes included in this section and the 

9 south-facing slopes included in the interregional analysis. The smaller sampling size did not 

capture the significant negative deviation during the 1995 period or the positive deviation in 1980 

for spruce. Overall spruce establishment varied across topographic positions (Figure 3.8) which 

may indicate a dependence on topography and associated microclimates. Furthermore, significant 

establishment nearly a century ago corroborates observations that spruce is the prominent forest 

species and not as important in ecotone advance. Aspen establishment is similar on south-facing 

slopes and flat terrain (Figure 3.8) which suggests topography may not be the sole factor behind 

encroachment. 

3.4.3 Climatic relations 

Interregional comparison 



 

 51 

 Sixteen climatic variables were included in the stepwise regression to identify significant 

relations between climate and tree establishment, separated by species. Increases in annual 

minimum, maximum, and mean temperatures (Figure 3.9) in Kluane and Aishihik, although not 

all significant, have occurred in the past century. Although precipitation in Kluane and Aishihik 

has increased it is not significant (Figure 3.10). Aspen establishment in Kluane (9 south-facing 

sites) had a significant positive correlation with summer minimum temperature (r2 = 0.266, p = 

0.020). Aspen establishment in Aishihik had a significant positive correlation with summer 

minimum and spring maximum temperature (r2 = 0.524, p = 0.002).  Spruce establishment in 

Kluane and Aishihik had no significant correlation with any climatic variables.  

Topographic comparison 

 Aspen establishment on south-facing slopes (5 sites) returned a model containing positive 

significant correlation with summer minimum and spring maximum temperatures (r2 = 0.392, p = 

0.015). A difference was found in spruce establishment with the 5 sites of establishment 

indicating a significant negative correlation with summer minimum (r2 = 0.385, p = 0.003). Aspen 

establishment on flat terrain was similar to Aishihik; a positive correlation between summer 

minimum and spring maximum temperatures (r2 = 0.445, p = 0.007). No significant relation 

between any climatic variables was found for spruce establishment on flat terrain. Lastly, on 

north-facing slopes spruce establishment was positively correlated to winter mean temperature 

and negatively correlated with summer minimum temperature (r2 = 0.587, p = 0.001). Aspen 

establishment on north-facing slopes (n = 11) was too low to perform any regression modeling.  
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3.5 Discussion 

3.5.1 Forest-grassland dynamics 

 Forest encroachment into grasslands has been widespread over the last century across 

North America (Briggs et al., 2002a; Bai  et al., 2004; Kochy & Wilson, 2004; Van Auken 2009). 

Northern ecotones, especially the forest-tundra, have experienced recent changes as well with 

treelines and shrublines expanding northward into tundra (Tape et al., 2006; Danby & Hik, 

2007a; Kharuk et al., 2010). This study adds to this growing body of literature by documenting 

analogous forest encroachment in a previously unstudied Northern grassland environment. The 

results indicate that grasslands in both the Kluane Lake and Aishihik Lake regions experienced 

widespread forest encroachment during the 20th century, however the rate and extent of tree 

invasion varied between regions and species, and with topographic setting. 

 Tree age in both the Kluane Lake and Aishihik Lake regions exhibited a consistent 

pattern of progressively younger individuals towards the grassland edge. Combined with the 

widespread absence of older individuals toward the ecotone edge, and the low density of dead 

individuals, this is indicative of a recent and progressive forest encroachment. Older trees mixed 

with many younger trees would indicate an infilling pattern but this was not observed. Infilling 

can occur when mature trees establish in open meadows and act as facilitators for other trees; this 

results in a non-linear change in the ecotone (Stine et al., 2011). High proportions of dead 

individuals in the ecotone would be indicative of high rates of population turnover (i.e. short life 

span and unsuccessful establishment), but this was not observed either. Little mortality was 

observed in forest openings in Colorado, USA suggesting that the forest ecotone is experiencing 

more than a short-term change in location there (Hessl & Baker, 1997). Similarly, in our study the 

density of dead trees was low, and comparable to that of Hessl & Baker (1997), indicating 

successful establishment of trees into grasslands. 
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 Despite general similarities, the mean and maximum ages of trees in Aishihik was 

slightly less than Kluane. As Wearne & Morgan (2001) suggested in their study of Australian 

grasslands, differences in microclimate, soil conditions and competition within site-specific 

grassland communities could have influenced this difference. However, it is more likely an 

artifact of the higher proportion of aspen located in the Aishihik Lake region. Aspen are a smaller 

species that do not reach the same maximum age of spruce and mature aspen forests are younger 

than spruce forests. The presence of conifers has been found to reduce aspen establishment in the 

Central Rocky Mountains, USA (Kaye et al., 2005). Due to the more mixed stands in Kluane 

compared to Aishihik, the higher abundance of spruce may slightly reduce successful 

establishment of aspen across the ecotone. The minimum sampling height must also be 

considered. Spruce less than 50 cm would not have been sampled but aspen of the same age 

would have a higher probability of being sampled because they are faster growing. This would 

have biased the youngest cohort of trees toward aspens, which are inherently more common in the 

Aishihik Lake region.  

 Transect length did not differ between regions. Both exhibited an average distance of 30 

meters from grassland edge to mature forest. The encroachment extent in both regions is therefore 

similar although differences in mean and maximum age imply a difference in the rate of 

encroachment. The mean age of trees in the mature forest was 60 and 80 for the Aishihik Lake 

and Kluane Lake regions, respectively. It is possible that encroachment in Kluane has taken 

longer or that it occurred twenty years after the mature forest was established. Slower 

encroachment rates may be attributed to the difference in growth rate between aspen and spruce, 

as well as their modes of reproduction. Aspen is a clonal species and can reproduce asexually 

which could result in a larger number of trees produced in a shorter time, when compared to 

spruce. Aspen regenerates abundantly, with very high initial sucker densities and grows more 
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rapidly in height than spruce in the initial 40-60 years (Filipescu & Comeau, 2007). The mature 

forest in Aishihik, composed of a much higher proportion of aspen, could thus invade grasslands 

at a faster rate; a higher proportion of aspen could increase the rate of establishment resulting in 

differences between the two regions.  

The rate and extent of encroachment also varied substantially between slope aspects, 

supporting the hypothesis that topography plays an influential role in forest encroachment and 

even grassland occurrence. Encroachment patterns were similar on south-facing slopes and flat 

terrain. Trees were youngest and smallest at the grassland edge and became progressively older 

and larger as the transect extended into forest (Figure 3.8). North-facing slopes differed in that 

older trees frequently occurred at the grassland edge (mean age of 60 years compared to 20 for 

south-facing and flat grasslands) and there was no change in the density of trees along north-

facing slopes. Although trees at the grassland edge were younger than in the transition and forest 

zones on north-facing slopes, many have been established for at least 60 years and have nearly 

reached the apex of their slopes. Still, ecotones on north-facing slopes had significantly more 

seedlings than south-facing slopes at their edge. Microclimatic conditions are important for 

successful seed germination (Bai et al., 2004) and seedling growth (Coop & Givnish, 2008). It is 

possible that seedlings on north-facing slopes are more successful due to moister, more 

favourable microhabitat conditions.  

 Generally, forest encroachment into grasslands was found in different sites across two 

regions in the Yukon. Aspen and spruce both contributed to tree invasion, however pulses of 

establishment varied between the two species. Aspen had a much more recent pulse of 

establishment that was synchronous across both regions and on both south-facing aspects and flat 

areas during 1995-1999. Spruce also had a simultaneous pulse of establishment in both regions 

and in two topographic settings (south-facing and flat), although this occurred during 1980-1984. 
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Additionally, in Kluane on south-facing and north-facing slopes, a pulse of spruce establishment 

occurred between 1910-1914. Lastly, pooled age structures from these two aspects did not follow 

the expected J-shaped distribution and had an unexpected low number of spruce trees establish in 

the 1995-1999 period. Low spruce establishment might be due to the higher proportions of aspen 

establishment. Due to the synchronicity within species, between regions and across topographic 

gradients, the same broad-scale factor is likely influencing tree invasion. It is possible that this 

broad-scale factor has a differential impact on species recruitment and growth and thus explains 

the difference in encroachment between aspen and spruce.   

3.5.2 Potential factors influencing encroachment 

Fire and fire suppression (Heyerdahl et al., 2006; Coop & Givnish, 2007; DeSantis et al., 

2011), grazing (Sankey et al., 2006; den Herder et al., 2008; Mast et al., 2008), and climate 

change (Wearne & Morgan, 2001; Coop & Givnish, 2007; Widenmaier & Strong, 2010) have all 

been attributed to forest encroachment into grasslands across the globe. Often it is difficult to 

disentangle these effects because the timing of these events coincide. Increases in tree 

establishment occurred in the 1970s-1980s in the Colorado Front Range and corresponded to 

periods of above average precipitation and a decrease in grazing pressure (Mast et al., 1997). 

Similarly, a major episode of aspen regeneration in Yellowstone National Park followed a period 

of low moose and elk populations as well as recent fires and moist climatic conditions (Romme et 

al., 1995). Due to the growing body of literature indicating these three factors (fire, grazing and 

climate) play a role in encroachment at a landscape scale, it is important to further speculate how 

these factors may, or may not, have influenced forest encroachment in the southwest Yukon.  

 The fire regime in the Shakwak Trench, the valley separating the Kluane ranges from 

mountain ranges to the north and east, has changed over the past 200 years from large, infrequent 

fires to small, relatively frequent fires during the early 1900s, to virtually no fires since (Dale et 
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al., 2001). The study undertaken by Dale et al., (2001) took place in 1994 and 1995 and found no 

record of fire in the Shakwak Trench since 1956. However, the largest area burned in the Yukon 

occurred in 2004 (Smith et al., 2005). The majority of historic, large fires follow the Tintina 

Trench, which stretches from the Dawson region southeast to Ross River, approximately 200 km 

northeast of Whitehorse (Smith et al., 2005). Individual burn patterns in the Kluane region are 

complex and variable and the extreme topography of the region may be causing highly variable 

conditions over small distances (Dale et al., 2001). Although no fire scars were found in any of 

our samples, some charred logs and burnt stumps were found at sites in the Aishihik Lake region. 

It is possible that the shift in fire regime has influenced forest encroachment into grasslands by 

way of invading seedlings not being killed by periodic fires. Fires of the magnitude experienced 

in the 1800s have not occurred in the 1900s in the Shakwak Trench region (Dale et al., 2001). 

Higher magnitude fires, such as crown fires, consume large amounts of leaves, needles, twigs and 

kill all trees (Kasischke et al., 2006). In the past, large fires could have maintained grasslands and 

now with the periodic disturbance of fire removed, encroachment has occurred.  

On the other hand, the network of eskers and associated glacial features are thought to 

have dramatically influenced burn patterns in the Kluane Lake region (Dale et al., 2001). 

Furthermore, the forest age-class documented by Dale et al., (2001) through dendrochronological 

techniques suggests the forests in our study area date back to the 1600s. The long-term effect that 

fire has had on maintaining these grasslands or its role in the recent forest encroachment observed 

here is unknown. Further studies investigating the fire history of both Kluane Lake and Aishihik 

Lake regions is necessary. Although fire history can be difficult to reconstruct due to long time 

periods involved (Dale et al., 2001) there has been success in Alaska analyzing fire-scarred trees 

(Mann et al., 1995) and lake bottom sediments (Lynch et al., 2002). Soil cores could also be 
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obtained to document the presence of charcoal and develop a coarse-resolution fire history of the 

grassland areas (Hart et al., 2008).   

 Similarly, the impact that grazing, browsing and small mammals have had on forest 

encroachment is also unknown. The grazing pressure from wood bison and semi-wild horses in 

the southwest Yukon has not been examined and our results are not conclusive. Recent 

population estimates of wood bison exist and indicate a significant increase in population (Yukon 

Wood Bison Technical Team, 2010). Although accurate estimates of horse populations in the 

Kluane Lake and Aishihik Lake regions are unavailable, the herd size in Kluane has decreased 

substantially in the last 20 years (personal communication). It is possible that the growing 

population of wood bison might be facilitating forest encroachment into grasslands in Aishihik by 

decreasing competition with grasses and creating small, fertilized microhabitats (Mast et al., 

1998). However, recent increases in wood bison populations would not explain the longer term 

encroachment that appears to have been ongoing for at least 60 years in the Aishihik Lake region. 

Horses generally consume graminoids (Vallentine, 2001) and could have decreased competition 

between seedlings and grasses in the past when populations were higher. On the other hand, the 

decline in herd size could have resulted in a decrease of seedling trampling (Sankey et al., 2006b) 

and allowed for successful growth and establishment of trees into the grasslands. Exclosure 

studies in Alaska have revealed many significant effects that herbivores have on the physical 

structure of vegetation and plant species composition (Kielland et al., 2006). Grazing exclosures 

in the southwest Yukon could provide insight into the complex interactions and effects that 

mammalian herbivores have had on forest-grassland dynamics.  

It has been proposed that, along with aridity and slope destabilization by arctic ground 

squirrels, snowshoe hare browsing is one of the local factors maintaining the grasslands in the 

Aishihik Lake region (Vetter, 2000). In our study, we did observe some evidence of snowshoe 
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hare browsing on aspen seedlings at some sites in Aishihik. Hare densities exhibit a 10-year 

cycle; one can assume that as densities are increasing and reach a peak, the highest amount of 

browsing is occurring at that time. In the Kluane Lake region, 1989-1990 were peak years of hare 

densities; 1991-1994 were declining years with 1994 having the lowest density; 1995-1996 saw 

an increase (Hodges et al., 2001). Following the 10-year cyclical pattern, another peak occurred 

in 1997. The expected peak in hare densities in the mid 2000s was substantially lower than 

previous 10-year cycle peaks. Reported densities from live trapping of snowshoe hares in the 

Kluane region were less than 1 per hectare compared to the peak in 1997 of 2 per hectare (Krebs 

et al., 2011). Similarly, widespread declines in arctic ground squirrels have been observed since 

the mid-1990s; populations generally follow hare cycles although the recent trend has been a very 

low population level since 2000 (Hodges et al., 2001; Krebs et al., 2011).  

The largest pulse of establishment occurred from 1995-1999 across topographic gradients 

as well as between study areas. This pulse of establishment coincided with a period of increasing 

(1995-1997) and decreasing (1998-1999) hare densities. Snowshoe hares browse on woody 

shrubs and trees in the winter and forbs, grasses and leaves in the summer (Hodges et al., 2001). 

The pulse of aspen establishment in the late 1990s would not have been affected by the peak in 

snowshoe hare densities because germinants and small seedlings are not browsed on. With a 

recent decline in hare and ground squirrel densities it is possible that younger seedlings have 

escaped predation and resulted in successful recent tree establishment. Young palatable deciduous 

trees, such as aspen, are often favoured by hares (Hodges et al., 2001) and the reduction in 

population could have greatly influenced the successful establishment and growth in the past 20 

years. However, similar to large mammals, the presence of snowshoe hares and burrowing ground 

squirrels may benefit tree establishment by creating microdisturbances and suitable seedbeds. 

Small-scale research into snowshoe hare cycles and tree establishment/mortality would help 
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identify the role of small mammals on forest-grassland ecotones. Artificial simulations of the 

impact of snowshoe hares and ground squirrels on soil and microhabitats would also be useful in 

determining how these small mammals might facilitate tree establishment.  

3.5.3 Climate and synchronous pulses of establishment 

Pulses of tree establishment were synchronous across regions and topographic gradients, 

although different between species. Many studies have linked climatic factors to pulses of 

establishment and tree invasion due to synchronicity between sites and regions (Hessl & Baker, 

1997; Copenheaver et al., 2004; League & Veblen, 2006). Highly episodic and synchronous 

germination dates of ponderosa pine in the northern Front Range of Colorado, USA across six 

sites indicate that the four episodes of establishment all coincided with suitable climatic 

conditions for successful seed recruitment (League & Veblen, 2006) Similarly the Buffalo 

Mountain area in Virginia, USA, showed a reduced rate of tree establishment across six sites in 

the 1960s which was a decade that experienced several severe droughts (Copenheaver et al., 

2004). Our results indicate that climatic variability has impacted tree invasion and may continue 

to influence encroachment as temperatures increase. 

Aspen establishment 

A pulse of aspen establishment occurred from 1995-1999 in both regions and across 

topographic gradients. Minimum summer temperature was found to be an important climatic 

variable in both regions; Aishihik also had spring maximum included in the model. In Kluane, 

south-facing slopes (5 sites) and flat terrain had the same climatic variables included in the model 

as Aishihik. At a broad-scale, climate across the southwest Yukon has influenced aspen 

encroachment on various topographic gradients.  

Across the United States, aspen establishment has been highly correlated with 

precipitation and moisture and is thought to be drought-sensitive (Romme et al., 1995; Hessl & 
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Baker, 1997; Moore & Huffman, 2004). Our results did not find precipitation to be an important 

variable but aspen in northern ecosystems may not follow similar trends due to the impact cold 

climates have on tree establishment and growth. Chen et al., (2002) found that water availability 

was the governing factor behind aspen growth in southern British Columbia, whereas low 

temperatures were limiting to aspen growth in northern BC. In northeastern British Columbia 

trembling aspen ring widths were positively correlated with summer month precipitation of the 

previous year (Leonelli et al., 2008). In the Yukon, interannual variation in growth of mature 

aspen and spruce was found to be primarily controlled by precipitation (Hogg & Wein, 2005). It 

is important to note that these studies examined the impacts of climatic variability on tree growth 

and ring widths, not successful tree establishment. While Hogg & Wein (2005) did examine 

smaller aspen stems and determined that they established during a relatively moist, drought-free 

period, their study also occurred on recently burned sites which may have been moisture-limited 

due to a recent severe fire. 

 Temperature-induced drought stress could explain the positive correlations with aspen 

establishment and minimum summer temperatures, and not mean or maximum temperatures. 

Warmer temperatures are beneficial for aspen establishment, but there may be a threshold that is 

reached at the summer mean and moisture-related stress counteracts the positive effects of 

warmer temperatures. Hessl & Baker (1997) found an absence of aspen establishment when 

temperatures reached their highest values. The positive correlation with spring maximum 

temperatures may be both directly and indirectly due to the warmer temperature. Spring (May and 

June) months are generally cooler and the warmer temperatures earlier in the year can be 

beneficial for establishment. Furthermore, the positive correlation with spring maximum may also 

indirectly be related to faster and earlier snow melt, resulting in a longer growing season. 

Spruce establishment 
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 The relation between spruce establishment and climatic variables was not as straight-

forward as it was for aspen. Spruce establishment on south-facing slopes in Kluane (9 sites) and 

Aishihik, as well as flat terrain in Kluane had no correlations with climatic variables. However, in 

Kluane on the five-site subset of south-facing slopes as well as on north-facing slopes there was a 

negative relation between minimum summer temperature and spruce establishment. North-facing 

slopes also had winter mean temperature included in the model. In the additional four south-

facing slopes, one site had spruce as the dominant tree species throughout the ecotone and another 

had aspen. There was synchronicity between pulses of spruce establishment between regions and 

topographic gradients, although there was more variability compared to aspen establishment. It is 

not clear why these sampling differences occurred and although it may be due, in part, to 

increased site variability introduced by adding additional sites.  

The negative relation between summer minimum and spruce establishment on south- and 

north-facing slopes may, similar to aspen, be related to temperature-induced drought stress. If 

temperatures become too warm, moisture can become limited and spruce is known to be 

moisture-dependent (e.g. majority of spruce established on north-facing, moist slopes in the 

Yukon). High temperatures, which can increase rates of evapotranspirational water loss, have 

indirectly induced moisture stress on white spruce at their southern limit (Chhin et al., 2002). 

White spruce in Alaska has also seen a decrease in radial growth with increasing temperatures; 

strongly negatively correlated with summer monthly mean temperature indicating warming-

induced drought stress is more limiting then temperature (Barber et al., 2000; Yarie & Van Cleve, 

2006). Growth of juvenile white spruce has also been found to be negatively affected by high 

temperatures in June, again due to moisture stress (Chhin & Wang, 2008). The negative 

correlation with summer minimum, and not mean or maximum indicates that further successful 

spruce establishment is at much more of a risk than aspen establishment as temperatures increase. 
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It is also possible that there is a greater proportion of aspen at edges because of the negative 

correlation with summer minimum temperatures and spruce establishment.   

3.5.4 Influences of site-specific, small-scale factors 

 At a broad-scale, my results suggest that climatic factors have, in some part, influenced 

tree invasion across the southwest Yukon. Although fine-scale analysis of forest encroachment, 

and the mechanisms behind it, was beyond the scope of this study it is important to consider some 

explanations. The unique pulses of establishment, age differences in recent encroachment 

between regions, and no significant correlations between climatic variables and some areas may 

be due to smaller-scale factors. Abiotic factors, such as soil moisture and microclimatology, and 

biotic factors, such as facilitation and competition, can impact forest encroachment through 

positive and negative influences on tree recruitment, establishment and growth. Facilitation, by 

way of increased soil moisture, of tree saplings ensured the successful survival of invading 

seedlings into grasslands in California, USA (Kennedy & Sousa, 2004). The variation at smaller 

scales is much more pronounced than at a landscape or biome-level including more possible 

factors to consider as well as interactions (Korner & Paulsen, 2004; Holtmeier & Broll, 2005). 

For example, facilitation may result in an increase in soil moisture, but it may be that in 

combination with protection from herbivores, an increase in resources and shade protection that 

create an optimal microhabitat for establishment (Callaway, 1995). Optimal periods of 

establishment can arise from a combination of many small-scale factors; this might have 

attributed to the unique pulses of establishment on flat terrain (1985) and south-facing slopes 

(1975) in the Kluane Lake region.  

 Competition between aspen and spruce may be one of the reasons behind different pulses 

of establishment across topographic gradients as well as no relation with broad-scale climatic 

variables. Aspen competition can affect light transmittance, which is thought to be a major factor 



 

 63 

influencing spruce growth, and has decreased spruce growth in mixedwood sites in the North 

American boreal forest (Burton, 1993; Filipescu & Comeau, 2007). The presence of aspen on flat 

terrain and some south-facing slopes in Kluane and Aishihik may be negatively affecting spruce 

establishment, thus counteracting any significant correlations with climatic variables. North-

facing slopes were composed of mature spruce forest, therefore little competition from other 

species, and had the highest correlations between establishment and climatic variables. Pure 

spruce forests may be controlled by larger-scale processes because of fewer small-scale factors in 

play. 

3.6 Conclusions 

In summary, we found recent forest encroachment into grasslands in the southwest 

Yukon in two regions and on three different topographic gradients. Variations in encroachment 

rate and/or extent, pulses of establishment and age structures suggest both broad- and fine-scale 

factors are at play. At a large scale, warmer temperatures appear to have caused region-wide 

encroachment of both aspen and spruce species. At a small scale, reasons for site variations could 

be attributed to multiple factors such as microclimate, suitable microhabitats, and competitive 

differences. Rate and extent of encroachment varies across topographic gradients indicating the 

impact differences in moisture and solar radiation can have on tree establishment. Further 

research examining differences in local factors influencing tree establishment into grasslands 

would be useful. Furthermore, the impact of grazing and fire on forest encroachment in the 

southwest Yukon is unknown. An examination of the possible impacts of these factors is 

necessary to fully understand the mechanisms behind forest encroachment. Without a complete 

understanding of forest-grassland dynamics we may be unable to maintain this unique 

environment which contributes to landscape heterogeneity and provides essential habitat for local 

fauna.  
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(a) 

(b) 

Figure 3.1 Grasslands on (a) the southeast side of Kluane Lake 
and (b) the northeast side of Aishihik Lake.  
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   Figure 3.2 Location of the southwest Yukon (inset map) study area. Sites are located 
   within the black polygons on the southwest side of Kluane Lake and the northern end 
   of Aishihik Lake.  
 

 

 

 

 

 

 



 

 66 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 Diagram of sampling technique. Four trees (grey dots) were sampled at each 
point along the transect (Edge, Transition, Forest). For data analyses, the mean DBH, 
height and age of live trees was calculated for each position. The maximum age at each 
position was from the oldest individual, alive or dead (represented by the ‘X’). 
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Figure 3.4 Spruce sample with extensive wedging. Wedging 
can create difficulties in aging as well as cross-dating. 
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Figure 3.5 (a) Mean average tree age and (b) Mean maximum tree age at three positions 
along forest-grassland ecotones in the Kluane (grey bars) and Aishihik Lake (black 
bars) regions. Error bars represent 95% confidence intervals. 
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Figure 3.6 (a) Mean average tree age and (b) Mean maximum tree age at three 
positions along forest-grassland ecotones on flat terrain (white bars), north-facing 
slopes (grey bars), and south-facing slopes (black bars). Error bars represent 95% 
confidence intervals. 
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Figure 3.7 Age distributions of (a) aspen and (b) spruce sampled in the (1) Kluane 
Lake and (2) Aishihik Lake regions. Samples were grouped into 5-year age classes. 
Equations and curves are from the negative exponential curve fitted to each 
distribution. Note the different scale of the x-axes in 2a and 2b.  
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Figure 3.8 Age distributions of (a) aspen 
and (b) spruce sampled on (1) flat terrain, 
(2) south-facing slopes, and (3) north-
facing slopes. Samples were grouped into 
5-year age classes. Equations and curves 
are from the negative exponential curve 
fitted to each distribution. Note the 
different scale on the x-axes.  
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Figure 3.9 Maximum (light grey line), mean (grey line), and minimum (black line) 
annual temperature in (a) the Kluane Lake and (b) Aishihik Lake regions over the 
past century.  
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Figure 3.10 Annual precipitation in the Kluane Lake (grey line) and Aishihik Lake 
(black line) regions over the past century.  
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Table 3.1 Attributes (mean +/- SE) of all tree species in the Kluane Lake and Aishihik Lake 
regions across four ecotone positions (Open Grassland, Edge, Transition, and Forest). 

Kluane Lake region 
Attribute Open Edge Transition Forest 

DBH (cm) N/A 1.7 (0.2) 5.0 (0.6) 9.8 (0.5) 
Height (m) N/A 2.2 (0.1) 4.4 (0.4) 7.2 (0.3) 

Mean Age (yrs) N/A 18.4 (1.4) 40.6 (3.8) 79.8 (3.1) 
Maximum Age 

(yrs) 
N/A 27.6 (2.6) 61.2 (5.2) 109.9 (3.9) 

Tree density 
(per m2) 

N/A 0.8 (0.1) 0.8 (0.2) 0.4 (0.1) 

Seedling density 
(per m2) 

0.0 0.2 (0.0) 0.1 (0.0) 0.2 (0.1) 

Dead (%) N/A 4.8 (2.2) 3.5 (1.6) 10.3 (2.6) 
Aspen (%) N/A 87.4 74.2 22.3 

Aishihik Lake region 
DBH (cm) N/A 1.0 (0.2) 2.5 (0.4) 7.8 (0.7) 
Height (m) N/A 1.6 (0.1) 2.5 (0.3) 5.9 (0.5) 

Mean Age (yrs) N/A 15.8 (1.3) 30.2 (2.7) 60.9 (3.4) 
Maximum Age 

(yrs) 
N/A 24.0 (2.2) 48.9 (3.7) 86.4 (4.3) 

Tree density 
(per m2) 

N/A 1.2 (0.2) 0.9 (0.1) 0.5 (0.1) 

Seedling density 
(per m2) 

0.0 (0.0) 0.2 (0.1) 0.5 (0.1) 0.3 (0.1) 

Dead (%) N/A 3.5 (1.6) 14.4 (2.8) 11.5 (2.8) 
Aspen (%) N/A 92.0 79.7 67.8 
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Table 3.2 Results from two-way ANOVAs to compare ecotone characteristics between 
Aishihik and Kluane Regions. Region (Aishihik and Kluane) and ecotone position (Edge, 
Transition, Forest) were included as fixed factors and transect (5 per site) was nested within 
position as a random factor to account for possible variability among transects. The 
interaction between region and position is also included. Significant values (an ! value of 
0.05) are bolded. 

   df F p 
DBH 

 REGION 1 30.752 0.005 
 POSITION 2 186.888 <0.001 
 TRANSECT(POSITION) 12 0.686 0.686 
 REGION x POSITION 2 0.426 0.426 

HEIGHT 
 REGION 1 43.567 <0.001 
 POSITION 2 152.125 <0.001 
 TRANSECT(POSITION) 12 0.830 0.620 
 REGION x POSITION 2 1.572 0.210 

MEAN AGE 
 REGION 1 18.238 <0.001 
 POSITION 2 301.166 <0.001 
 TRANSECT(POSITION) 12 0.633 0.813 
 REGION x POSITION 2 0.450 0.638 

MAXIMUM AGE 
 REGION 1 11.735 0.001 
 POSITION 2 192.620 <0.001 
 TRANSECT(POSITION) 12 0.944 0.503 
 REGION x POSITION 2 0.365 0.695 

DENSITY (LIVE) 
 REGION 1 9.190 0.003 
 POSITION 2 45.145 <0.001 
 TRANSECT(POSITION) 12 0.340 0.981 
 REGION x POSITION 2 0.356 0.701 

DENSITY (SEEDLINGS) 
 REGION 1 6.330 0.012 
 POSITION 3 11.014 <0.001 
 TRANSECT(POSITION) 16 0.496 0.949 
 REGION x POSITION 3 4.641 0.003 

PROPORTION DEAD 
 REGION 1 2.737 0.105 
 POSITION 2 3.877 0.027 
 TRANSECT(POSITION) N/A N/A N/A 
 REGION x POSITION 2 2.935 0.063 
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Table 3.3 Attributes (mean +/- SE) of all tree species on topographic gradients (Flat, South- 
and north-facing slopes) across four ecotone positions (Open Grassland, Edge, Transition, 
and Forest). 

Flat terrain 
Attribute Open Edge Transition Forest 
DBH (cm) N/A 0.7 (1.1) 3.7 (0.7) 10.7 (0.7) 
Height (m) N/A 1.6 (0.9) 2.9 (0.3) 6.7 (0.4) 

Mean age (yrs) N/A 14.5 (0.7) 40.1 (3.7) 79.4 (2.8) 
Maximum age 

(yrs) 
N/A 20.5 (1.4) 59.1 (5.9) 109.4 (3.7) 

Tree density  
(per m2) 

N/A 0.9 (0.1) 0.9 (0.3) 0.3 (0.1) 

Seedling 
density  
(per m2) 

0.1 (0.0) 0.8 (0.2) 0.9 (0.4) 0.4 (0.2) 

Dead (%) N/A 0 4.7 18.6 
Aspen (%) N/A 89.0 52.4 44.3 

South-facing slopes 
DBH (cm) N/A 1.3 (0.2) 6.5 (0.8) 10.2 (0.6) 
Height (m) N/A 2.1 (0.2) 5.5 (0.5) 7.6 (0.4) 

Mean age (yrs) N/A 14.8 (0.6) 51.3 (5.4) 85.6 (3.5) 
Maximum age 

(yrs) 
N/A 23.6 (3.4) 73.7 (6.9) 104.4 (3.3) 

Tree density  
(per m2) 

N/A 0.8 (01) 0.9 (0.4) 0.3 (0.1) 

Seedling 
density  
(per m2) 

0 0.2 (0.0) 0.1 (0.0) 0.3 (0.1) 

Dead (%) N/A 2.8 1.0 11.6 
Aspen (%) N/A 98.1 82.2 6.1 

North-facing slopes 
DBH (cm) N/A 5.2 (0.7) 5.6 (0.6) 7.0 (0.7) 
Height (m) N/A 3.6 (0.4) 4.6 (0.3) 6.2 (0.6) 

Mean age (yrs) N/A 62.8 (6.1) 79.9 (4.3) 93.3 (2.6) 
Maximum age 

(yrs) 
N/A 77.3 (7.2) 107.3 (6.7) 112.6 (4.7) 

Tree density  
(per m2) 

N/A 0.9 (0.2) 0.8 (0.3) 0.9 (0.2) 

Seedling density  
(per m2) 

0 0.9 (0.4) 0.3 (0.1) 0.0 (0.0) 

Dead (%) N/A 2.8 11.7 13.2 
Aspen (%) N/A 6.8 4.4 2.6 
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Table 3.4 Results from two-way ANOVAs to compare ecotone characteristics between 
topographic gradients. Aspect (Flat, South- and North-facing slopes) and ecotone position 
(Edge, Transition, Forest) were included as fixed factors and transect (5 per site) was nested 
within position as a random factor to account for possible variability among transects. The 
interaction between aspect and position is also included. Significant values (an ! value of 
0.05) are bolded. 

  df F p 
DBH 
 ASPECT 2 9.496 <0.001 
 POSITION 2 185.147 <0.001 
 TRANSECT(POSITION) 12 0.580 0.857 
 ASPECT*POSITION 4 14.511 <0.001 
HEIGHT 
 ASPECT 2 16.406 <0.001 
 POSITION 2 235.134 <0.001 
 TRANSECT(POSITION) 12 0.501 0.913 
 ASPECT*POSITION 4 8.020 <0.001 
MEAN AGE 
 ASPECT 2 84.841 <0.001 
 POSITION 2 969.280 <0.001 
 TRANSECT(POSITION) 12 0.231 0.997 
 ASPECT*POSITION 4 20.245 <0.001 
MAXIMUM AGE 
 ASPECT 2 55.215 <0.001 
 POSITION 2 609.057 <0.001 
 TRANSECT(POSITION) 12 0.292 0.990 
 ASPECT*POSITION 4 16.465 <0.001 
DENSITY (LIVE) 
 ASPECT 2 0.446 0.640 
 POSITION 2 19.639 <0.001 
 TRANSECT(POSITION) 12 0.627 0.818 
 ASPECT*POSITION 4 2.912 0.023 
DENSITY (SEEDLINGS) 
 ASPECT 2 4.869 0.008 
 POSITION 3 4.313 0.021 
 TRANSECT(POSITION) 16 1.366 0.158 
 ASPECT*POSITION 6 2.389 0.029 
PROPORTION DEAD 
 ASPECT 2 1.805 0.179 
 POSITION 2 16.001 <0.001 
 TRANSECT(POSITION) N/A N/A N/A 
 ASPECT*POSITION 4 2.451 0.064 
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Table 3.5 Z-scores of regression residuals from a fitted negative exponential curve to age 
structures of aspen across sites (region and topography). Significant values are bolded and  
* denotes a p value <= 0.05, ** p <= 0.01 and *** p <=0.001. Only 5-year periods with at 
least one significant value are included.  

Site 1935 1995 
Aishihik 2.421** 4.005*** 
Kluane 0.281 5.019*** 
South-facing 0.078 4.300*** 
Flat 0.573 4.524*** 
North-facing N/A N/A 
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Table 3.6 Z-scores of regression residuals from a fitted negative exponential curve to age 
structures of spruce across sites (region and topography). * denotes a p value <= 0.05, **      
p <= 0.01 and *** p <= 0.001. Only 5-year periods with at least one significant value are 
included. 

Site 1910 1915 1925 1975 1980 1985 1995 

Aishihik -0.548 -0.584 -0.091 2.135* 3.959*** -0.176 -1.558 

Kluane 2.428** 1.527 0.391 1.204 2.268** -1.073 -2.028* 

South-

facing 

2.985*** 1.728* 0.310 -0.085 0.173 -0.235 -0.614 

Flat 0.297 0.477 0.210 1.311 3.144*** 1.850* -0.951 

North-

facing 

2.069* 1.667* 2.063* -1.069 -0.665 0.218 -1.893* 
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Chapter 4 

Evidence of Recent Forest Encroachment in Southwest Yukon 

Grasslands using Repeat Image Analysis 

 

4.1 Abstract 

Forest encroachment, at a landscape-scale, has been documented worldwide and is a 

growing concern due to loss of essential grassland habitat. At a broad scale, tree invasion is likely 

due to climate and differences associated with topographic gradients. We examined forest-

grassland dynamics in a 10 km2 area of southwest Yukon using repeat image analysis to identify 

changes in grassland extent over 60 years. Landscape metrics were used to characterize the 

landscape and identify changes in configuration across the three time periods (1947, 1979, 2007). 

Forest encroachment was also studied across varying topographic gradients to identify differences 

in invasion rate and extent. Grasslands were commonly found on south-facing slopes whereas 

north-facing slopes were almost completely forested. Total grassland area decreased from 214.4 

hectares in 1947 to 137 hectares in 2007 and coincided with extensive grassland fragmentation; 

170 grassland patches were identified in 1947 which increased to 270 patches in 2007. Average 

patch size decreased from 1.3 hectares (+/- 2.9) in 1947 to 0.5 hectares (+/- 1.3) in 2007. Tree 

invasion was found across all topographic gradients; however, flat terrain and low grade south-

facing slopes experienced the greatest loss of grassland, much of which occurred since 1979. The 

recent increase in trembling aspen (Populus tremuloides) on south-facing slopes and flat terrain 

may be due to recent warmer temperatures in the area. Although they are limited in distribution, 

northern grasslands are ecologically significant and provide habitat for rare assemblages of flora 

and fauna and act to increase landscape heterogeneity. If the encroachment rates documented here 

continue over the next 30 years then grasslands in certain areas may disappear entirely.  
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4.2 Introduction 

The encroachment of trees into grasslands and meadows during the last century has been 

observed throughout North America (Butler, 1986; Dyer & Moffett, 1999; Briggs et al., 2002a; 

Kochy & Wilson, 2004; Coop & Givnish, 2007), Europe (Didier, 2001; Aune et al., 2011), 

Australia (Bowman et al., 2001; Wearne & Morgan, 2001) and Africa (Mourik et al., 2007; 

Mtchard et al., 2009). However, the extent, rate and pattern of grassland loss has varied 

considerably. Some regions have experienced similar rates of encroachment with over 60% of 

total grassland area lost in less than 60 years (Bowman et al., 2001; Zald, 2009). Encroachment 

has been much less extensive in some areas; 25% of grassland area was lost over 60 years in 

South Dakota (Spencer et al., 2009). Other regions have experienced encroachment since the 

mid-1800s (Bragg & Hulbert, 1976; Heyerdahl et al., 2006). Many regions have experienced 

similar patterns of encroachment with a steady, gradual movement of trees from the forest edge 

into grassland (Copenheaver et al., 2004; Coop & Givnish, 2007; Burley et al., 2010). Other 

regions have exhibited patterns of tree establishment determined by historical land-use and 

geomorphological landforms in the area (Didier, 2001).  

Although observations of encroachment have been widespread, the underlying factors 

contributing to tree advancement into grasslands vary. Encroachment may depend upon the fire 

regime, grazing, climate, and topography. Over the past century, fire suppression has been 

widespread and has influence forest encroachment (Briggs et al., 2002a; Widenmaier & Strong, 

2010). Fire suppression allows for successful establishment and growth of trees because frequent 

surface fires will kill invading trees and saplings (Bragg & Hulbert, 1976; Heyerdahl et al., 

2006). The effects of grazing on forest encroachment are complex. Forest encroachment has 

occurred alongside increases (Van Auken, 2009) and decreases (Norman & Taylor, 2005) in 

grazing pressure. Successful forest encroachment will occur when there is a balance between the 
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positive and negative effects associated with grazing (Mast et al., 1998). Climate and topography 

play a large role in governing ecotone changes; varying topography results in differences in 

microclimate which can impact species distribution and establishment. Topography can affect 

both temporal and spatial patterns of microclimate including climatic conditions such as 

temperature, light, wind speed and moisture; microclimate is directly related to all components of 

a landscape, including ecotones (Geiger et al., 2003; Chen et al., 1999).  

Several studies have found strong relationships between tree invasion and topographic 

gradients (Dyer & Moffett, 1999; Bai et al., 2004; Coop & Givnish, 2007) with results varying 

across aspect and slope. Tree invasion commonly occurs on north-facing slopes due to higher 

levels of moisture (Hogg & Schwarz, 1997; Weisberg et al., 2007). In Central Nevada, USA, the 

expansion rate of trees was four times faster on north-facing slopes than on drier, south-facing 

slopes (Weisberg et al., 2007). The steepness of a slope can affect tree invasion; increasing wind 

velocity, rough terrain, and lower water-holding capacity on steeper slopes can inhibit tree 

invasion (Dyer & Moffett, 1999; Weisberg et al., 2007). However, medium to steep slopes have 

also been found to have high rates of encroachment (Coop & Givnish, 2007; Sankey & Germino, 

2008b). Many factors indirectly associated with topographic features seem to influence 

encroachment and differences in their relative importance from one region to another are likely  

the reason for varying results across studies.  

 Methods for detecting and monitoring vegetation change are highly scale-dependent 

(Danby, 2011). The use of historical aerial photographs, combined with recent satellite imagery 

has emerged as a useful approach to quantitatively determine changes in ecotone dynamics at 

landscape scales (Lunt et al., 2010; Widemaier & Strong, 2010). Repeat image analysis allows for 

spatial investigations at large extents that are capable of dating back nearly a century. For 

example, it has been used to document alpine treeline dynamics across a 25,000 ha area in the 
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southwest Yukon (Danby & Hik, 2007a) and to investigate spatial and temporal patterns of forest 

encroachment into grasslands in a 40,000 ha area of New Mexico (Coop & Givnish, 2007).  

Metrics of landscape pattern are frequently calculated from historical aerial photographs 

or satellite images to provide information on the spatial configuration and composition of 

vegetation (Zald, 2009; Munsi et al., 2010). Using aerial photographs and recent digital 

orthophoto quadrangles, Zald (2009) analyzed metrics including total grassland area, the number 

and size of individual patches, as well as density of grassland edges to quantify spatial extent and 

changes in patterns of grasslands. Similarly, metrics pertaining to forest patch size, number of 

patches, and the connectivity between forest patches were used to assess patterns of deforestation 

and fragmentation in the temperate forests of Chile (Echeverria et al., 2006).  

Analysis of these data at multiple time-steps has been used in many studies to identify, 

evaluate and describe temporal changes in patterns of landscape configuration (Turner, 1989; 

Turner et al., 2003; Geri et al., 2010; Huang et al., 2010). Often these studies emphasize 

quantification of anthropogenic habitat loss and fragmentation (Xia et al., 2005; Echeverria et al., 

2006; Munsi et al., 2010), but the approach is equally applicable to regions where other 

mechanisms of landscape change are at work (Massada et al., 2008; Geri et al., 2010). When 

combined with methods at finer spatial scales, such as dendrochronology and plot surveys, repeat 

image analysis and multitemporal spatial analysis contribute to the multiscale perspective 

necessary for a comprehensive understanding of ecotone dynamics (Danby, 2011). 

 In this study we used historical aerial photographs (1947 and 1979) along with a recent 

QuickBird satellite image (2007) to investigate the pattern and extent of forest encroachment into 

grasslands near Kluane Lake, southwest Yukon. This region has experienced a significant 

increase in mean annual temperature over the past 50 years (Youngblut & Luckman, 2008; 
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Prowse et al., 2009) and results from a dendroecological investigation (see Chapter 3) indicated 

that forest encroachment is occurring in these grasslands, but that it varies in relation to 

topography and tree species, and appears to be related to climate change at a broad scale. The 

addition of repeat image analysis was deemed important to assess this change across a larger 

spatial extent and across a full suite of topographic gradients. The objectives were to: (i) 

investigate the extent of forest encroachment into grasslands in the region, (ii) characterize the 

spatial configuration and patterns of encroachment across three time periods, and (iii) determine 

the influence of topographic gradients on forest encroachment. 

4.3 Methods 

4.3.1 Study area 

A 10 km2 landscape located near Cultus Bay on the southeast side of Kluane Lake was chosen 

for study (Figure 4.1). The landscape is a mosaic of open grassland patches within a boreal forest 

matrix. Grasslands are relatively dry and dominated by glaucous bluegrass (Poa glauca), fescue 

(Festuca saximontana) and non-leguminous forbs such as sagewort (Artemisia frigida) and tufted 

fleabane (Erigeron caespitosus) (Laxton et al., 1996; McLaren & Turkington, 2010). They are 

typically found on south-facing slopes between 800 and 1000 m, but can also be found on level sites 

and on some north-facing slopes. White spruce (Picea glauca) is the dominant tree species found 

throughout the boreal forest of southwest Yukon, forming both closed and open stands up to alpine 

treeline at 1300 m. Trembling aspen (Populus tremuloides) is also present throughout the region, 

though less common and more localized, being found primarily on dry, well-drained sites. Both tree 

species are found in association with boundaries surrounding grasslands. Dendroecological analysis 

(Chapter 3) indicates that trembling aspen is the dominant species encroaching into grasslands, 

primarily on flat terrain and south-facing slopes. Aspen often occurs at the fringe of a mature spruce 
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forest (Figure 4.2). Field observations suggest that aspect plays an influential role in determining 

species composition of the ecotones, as well as the rate and extent of tree encroachment (Chapter 3). 

 Factors such as fire, human disturbances, and grazing have been attributed to the 

encroachment of forest into grasslands (Mast et al. 1997; Sankey et al. 2006; Robinson, 2006; 

Burkinshaw & Bork, 2009; Lunt et al. 2010; Rhemtulla et al. 2010). Although fire frequency, 

extent and magnitude have decreased in the past two centuries (Dale et al., 2001) it is unknown if 

this has affected forest encroachment into grasslands in the southwest Yukon. Human 

disturbances are minimal in the area and likely have had no influence on ecotone dynamics. 

Lastly, grazing and burrowing may occur from animals native to the area, including snowshoe 

hares (Lepus americanus), arctic ground squirrels (Spermophilus parryii) and a herd of free-range 

horses (Equus ferus). Elsewhere, livestock grazing and changes in it, have causeed a shift in 

forest-grassland boundaries (Zier & Baker, 2006; Van Auken, 2009; DeSantis et al. 2011). 

Although livestock grazing does not occur in the area, the influence of horses is unknown. The 

Kluane herd has declined in the past 25 years (personal communication) which could be affecting 

the forest-grassland ecotone (see Chapter 3).  

4.3.2 Image preparation 

Three images were used for this study. The earliest available for the area was an aerial 

photograph taken July 25th, 1947 (Roll Number A11014; Photo 236; Scale 1:40 000; Lens focal 

length 152.40 mm; Flying altitude 20 000’). The second image was an aerial photograph taken on 

August 11th, 1979 (Roll Number A25265; Photo 97; Scale 1:60 000; Lens focal length 153.37 

mm; Flying altitude 32 000’). The third was a standard ortho-ready QuickBird (QB) multispectral 

(2.4 m pixel) and panchromatic (0.60 m pixel) image pair obtained July 31st, 2007. 
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Orthorectification was necessary for all three images to remove distortion and match the 

images to the UTM map projection (UTM Zone 7). The QB image pair was orthorectified first so 

that it could be used as a georeference control for rectifying the two aerial photographs. Both the 

panchromatic and multispectral images were orthorectified in the same fashion, using the rational 

function optical satellite model in PCI Geomatica 10.3.2 (PCI Inc., Richmond Hill, Ontario). 

With the use of a digital elevation model (DEM) the rational functions math model builds a 

correlation between pixels and their corresponding ground locations. QB images are delivered 

with rational polynomial coefficients (RPC) which can be used in the absence of sufficient 

ground control points (GCPs). One GCP, the average coordinates from a GPS base station 

operated continuously at the Arctic Institute of North America’s Kluane Lake Research Station 

from Fall 2009 to Spring 2011, was used to improve the positional accuracy of the orthorectified 

image. The elevation input was a DEM generated by the Yukon Government (YG) at a resolution 

of 30 m. PCI Geomatica has a pan sharpening algorithm that fuses panchromatic and 

multispectral images together to create an enhanced high-resolution colour image. Once both 

images were orthorectified, the PANSHARP tool was used to fuse the images and create a pan-

sharpened image which was used to improve image interpretation. The resolution of the 

pansharpened image was matched to that of the panchromatic image (0.6 m pixel). 

 The aerial photographs were obtained as contact prints from the National Air Photo 

Library and scanned at 1200 d.p.i. The images were imported into PCI Orthoengine in tagged 

interchange file format (TIFF) and matched to the rectified QB image geometry using the aerial 

photography math model method. Lens focal length and scale were provided with both 

photographs and fiducial marks were measured manually from the photo prints. GCPs were then 

identified to georeference the aerial photographs to the satellite image. This involved a 

comparison between the uncorrected photo and the corrected image to identify and match points 



 

 87 

visible in each image (generally prominent and permanent landscape features). Fifteen well 

separated GCPs were identified for each image. Again, the 30 m DEM from YG was used in the 

process of rectification. The root mean square (RMS) registration error for the 1947 image was 

0.88 m (x-axis) and 0.85 m (y-axis). The RMS registration error for the 1979 image was 1.65 m 

(x-axis) and 1.33 m (y-axis). The image pixels for both aerial photographs were matched to the 

QB pansharpened pixel size image (0.6 m pixel). All images were imported into ArcGIS (ESRI, 

Redlands, California) and the swipe tool was used to qualitatively compare and ensure alignment 

of each image.   

4.3.3 Map creation and spatial analysis 

Classification of vegetation types in panchromatic air photos and satellite images within a 

digital environment can be carried out manually or in an automated fashion. Automated 

classification can be performed by determining the numerical grey-scale threshold between cover 

types and classifying pixels based on these values (Widenmaier & Strong, 2010). However, when 

working with older, small-scale photographs with variable levels of gray-scale contrast, manual 

digitization is often more accurate and reliable (Coop & Givnish, 2007). We opted for this 

approach and used ArcGIS to create a polygon for each individual grassland patch visible in each 

of the three images. 

 Differences in resolution between the 1947 and 1979 photos and the 2007 QB 

pansharpened image were immediately apparent in the rectified images. This variation in image 

quality presented an issue since digitizing the images independently would result in variable map 

quality, since smaller patches visible in the much clearer and more highly resolved QB image 

would not be visible in the earlier aerial photographs. To address this problem we chose to first 

digitize the grassland patches visible in the 1947 photograph and then use that map as a reference 
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for digitizing the subsequent images. Patches in the 1979 image were digitized by toggling back 

and forth between the 1947 image to ensure that only the original grassland patches were 

digitized. The 2007 image was digitized by toggling back and forth between both the 1947 and 

the 1979 images. This approach prohibited the possibility of identifying areas of forest that were 

converted to new grassland. However, based on field observations we suspect that these areas 

were minimal. The three polygon layers were then transformed to raster format with a cell size of 

0.5 m to match resolution of the QB image. These data were then imported into FRAGSTATS 

version 4.0 (McGarigal et al., 2012) for spatial analysis. 

 Metrics can be categorized into three different levels: patch, class and landscape. Many 

of the metrics can be applied to all three levels, such as mean area, edge density and shape 

complexity, though interpretations will vary across levels. Both patch and landscape metrics were 

analyzed here; class metrics were not used because there was only one class (grassland). Patch 

metrics convey information specific to each individual patch whereas landscape metrics 

characterize the spatial pattern of the entire landscape (McGarigal & Marks, 1995). Table 4.1 

provides a list of the metrics used in this analysis, as well as a brief description of each. 

FRAGSTATS reports metrics in similar groups which include: area and edge, shape, core area, 

contrast, aggregation and diversity. Metrics related to spatial configuration were the focus of this 

study since composition is irrelevant due to one patch type (grassland). We were interested in 

determining the level of fragmentation in the landscape therefore several area metrics were 

selected. We were also interested in the changes over time of grassland configuration and 

connectedness therefore shape and aggregation metrics were also chosen. The metrics selected 

are common in studies quantifying fragmentation, vegetation distribution and changes in 

boundaries over time (de Barros Ferraz et al., 2005; Dong et al., 2009; Geri et al., 2010). It is 
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crucial to choose appropriate metrics for the study in question; ecological significance was 

considered and redundant and/or correlated metrics were avoided. 

Area and edge metrics (total area, largest patch index, radius of gyration and total edge) 

provide information on the total amount of grassland over the time period, the extent of patches, 

as well as how much grassland may be vulnerable to encroachment. In Chapter 3 the average 

encroachment extent from mature forest was determined to be 30 meters over 60-80 years. The 

time period between each image was approximately 30 years; therefore based on linear 

extrapolation it appears that roughly 15 meters of grassland is susceptible to encroachment 

between each time period. For purposes here, edge was defined as 15 meters (the area deemed 

vulnerable to encroachment over the time period between each image). Shape metrics (perimeter-

area fractal dimension) provide indices of patch shape complexity across a wide range of spatial 

scales (ie. patch sizes) (McGarigal & Marks, 1995). Core metrics (total core area) will determine 

the amount of grassland remaining if the edge (15 meters) is excluded. Core metrics can be used 

to infer possible change; therefore the core area in the most recent image (2007) can be used as a 

prediction of how the landscape may appear in 30 years if similar rates and extent of 

encroachment continue. Lastly, aggregation metrics (euclidean nearest neighbour distance) 

compute measures of patch isolation; the variability statistics measure patch dispersion which is 

useful for considering connectivity and fragmentation (McGarigal & Marks, 1995). As the 

distance between patches increases, patches become less connected.  

The distribution of grasslands, as well as change through time, was also investigated in 

relation to topographic gradients, specifically slope and aspect. ArcGIS was used to generate a 

slope map, based on percent rise (Brewer & Marlow, 1993), from the 30 m DEM. Slope was 

classified into flat (0-5% slope), gradual (5 – 20% slope), moderate (20 – 40% slope) and steep 

(>40% slope). Slope degrees were divided according to common definitions of gradual, moderate 
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and steep slopes (Brewer & Marlow, 1993). Similarly, a categorical aspect map was generated 

based on 45° azimuth groups (north (N), northeast (NE), northwest (NW), east (E), southeast 

(SE), south (S), southwest (SW), west (W)) as well as flat terrain. The aspect and slope maps 

were combined to create an aspect-slope map which was used to determine the topographic 

position of each grassland patch. We were able to classify the amount of grassland found in each 

possible aspect-slope combination in each image which allowed us to determine the areas that 

have been encroached by trees between each time period.   

4.3.4 Data analysis 

Landscape metrics were central to interpreting the spatial distribution of grasslands 

across the entire study area, but are not amenable to the statistical analysis of differences between 

time steps. Patch metrics provide information on each individual patch, conceivably allowing for 

a comparison of these differences. However, in this study the patch-level metrics violate the 

critical assumption of sample independence since the metric value in one time step is a function 

of the previous. A repeated-measures approach can be used to overcome this, but in this study the 

disappearance of grassland patches as well as the splitting of single patches into multiple patches 

prohibited the use of this approach. As such, analyses attempting to assign statistical significance 

of differences in the mean or median of each metric between time steps were not performed. 

Instead, a Kolmogorov-Smirnov test was used to analyze differences in the distribution of each 

metric between each time period (1947 and 1979; 1979 and 2007; 1947 and 2007) (Bowman et 

al., 2001). The Kolmogorov-Smirnov test has no restrictions on the shapes of the distributions 

and unbalanced data sets are not an issue (Townend, 2012).  
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4.4 Results 

Repeat image analysis has indicated that forest encroachment has been ongoing in the 

southwest Yukon for many decades resulting in loss of grassland (Figure 4.3). After all grassland 

patches, across the three time scales, were digitized it was apparent that two different processes 

were occurring: patches were disappearing and/or becoming smaller, and patches were becoming 

fragmented. Fragmentation of the grasslands occurred with many single patches in 1947 

becoming subdivided into at least 2 or more patches in the next time periods (Figure 4.4). Many 

small patches present in 1947 also had disappeared by 2007; trees had invaded into the grassland 

to the point where that grassland was unidentifiable in 2007. Generally this did not occur to large 

grassland patches but small patches disappeared (Figure 4.4).  

4.4.1 Landscape metrics 

Results of the spatial analysis indicate that some landscape metrics, including patch area 

and number, changed substantially, while others, such as fractal dimension, did not (Table 4.2). 

Total grassland area decreased over time from 214 ha in 1947 (21.2% of landscape), to 196 ha in 

1979 (19.4% of landscape), and to 137 ha in 2007 (13.6% of landscape). During the 60-year 

period, 35.7% of all grassland in the study area was lost due to tree invasion. This change is also 

detectable in the decrease in the radius of gyration (Table 4.2); patches were largest and the most 

elongated in 1947. This was also indicated by the highest LPI being found in 1947. 

Fragmentation of grassland was also considerable. The number of distinct patches increased from 

170 in 1947, to 211 in 1979, and to 270 in 2007.  

Another change of note was the decrease in edge of 16% over 60 years (Table 4.2). As 

noted previously, edge was defined as the outer 15 meters of grassland (the area deemed 

vulnerable to encroachment over the time period between each image). Interestingly, the total 
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core area (again with edge defined as 15 m) did not vary between 1947 and 1979 but decreased 

by 60% in 2007. Landscape metrics indicated an increasingly fragmented landscape; spatial 

configuration of the landscape is changing and, as indicated by core area, a large amount of 

grassland is vulnerable to encroachment if current trends continue.  

4.4.2 Patch metrics 

Patch-level metrics displayed a skewed distribution of small patches and class sizes for 

several metrics including area, perimeter, radius of gyration, core area and euclidean nearest 

neighbour. The skewed distribution was consistent across the three time periods. Comparison of 

these distributions revealed similar results as those evident in the landscape metrics. Area, 

perimeter, radius of gyration and core area were all significantly different between time steps 

(Table 4.3). There were no significant differences between the distributions of fractal dimension 

and euclidean nearest neighbour metrics across any of the time periods. Interestingly, the 

distribution of the four metrics with significant results were consistently different between the 

1947 and 2007 period and the 1979 and 2007 period. However, no significant differences were 

found between any of the metrics between the 1947 and 1979 period. This indicates that changes 

in these metrics have occurred more recently over the past 30 years.  

4.4.3 Relation with topography 

Most land in the study area is composed of forest, with forested areas increasing over 60 

years, from 71.4% of the landscape in 1947 to 79.0% in 2007. A variety of aspects and slope 

grades occur over the study area, although many occupy a small area. Flat terrain and gradual 

southwest and west slopes dominate, representing over 60% of the landscape (Table 4.4). In 2007 

grasslands occupied 13.6% of the landscape compared to 21.2% in 1947. Grasslands were found 

on nearly all aspects and slope grades, although the relative proportion occupied by each 
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topographic combination varied (Table 4.4). Gradual slopes with easterly aspects (including NE 

and SE) had the highest grassland to forest ratio relative to their area while gradual north-facing 

slopes had the smallest. In 2007 forests occupied 92.8% of the gradual north-facing slopes 

compared to 85.1% in 1947. Flat terrain and gradual southwest slopes dominated the landscape 

and also experienced the largest amount of grassland loss over 60 years; 20.7 ha and 16.6 ha for 

flat and southwest slopes, respectively.  

4.5 Discussion 

Forest has invaded grasslands in the southwest Yukon over the past 60 years. Generally 

encroachment occurred close to the grassland edge; the presence of only a few trees established in 

the middle of large open areas of grassland indicates a forward movement of the current forest. 

This is not an uncommon pattern in forest encroachment. Studies have found that the probability 

of tree invasion into grasslands has been found to have a negative relationship with distance from 

the forest; establishment occurs very close to trees at the edge of the grassland (Coop & Givnish, 

2007; Burley et al., 2010). Gradual, continuous encroachment from the forest line may be due to 

dispersal limitations (Malanson, 1997), an increase in soil moisture and optimal local conditions 

near trees (Li & Wilson, 1998; Kennedy & Sousa, 2006), and/or a reduction in herbaceous 

competition (Siemann & Rogers, 2003).  

Although grasslands occupy a small area of the landscape they are of significant 

ecological importance and are susceptible to further loss if current trends continue. Grasslands in 

the southwest Yukon provide habitat for many local species, add heterogeneity to the landscape 

and are unique assemblages of plant species. Results from our study indicate a decrease in 

grassland extent and an increase in smaller patches since 1947. Grassland distribution appears to 

be governed by topographic gradients, and the associated microclimatic factors. Although thought 
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to be stable for centuries, grasslands in the southwest Yukon have experienced recent 

encroachment, especially on flat terrain and southwest slopes.  

4.5.1 Landscape metrics 

 Area/edge metrics are a good indicator of fragmentation: number of patches, total area 

and mean patch size address three of the four effects related to fragmentation (Fahrig, 2003). The 

total number of patches is useful for indicating the fragmentation level, it is commonly used in 

landscape analysis and can adequately reflect pattern changes (Li et al., 2005). Results show an 

increase of 100 patches; total area of grassland decreased by 35.7% (a total of 77 ha) over the 60-

year period. Human modification of the area is minimal; the decrease in grassland has been 

consistently due to tree invasion. Although the number of patches increased, the total grassland 

area decreased which suggests that mean patch size decreased and that the landscape consisted of 

many small patches. Mean patch size responds to changes of pattern parameters, is ecologically 

significant and a reliable metric for landscape pattern analysis (Li et al., 2005). The distribution 

of patch size indicates that the distribution of patch size classes was significantly different 

between 1947 and 2007 and 1979 and 2007. This is likely a function of a larger number of small 

patches in 2007 compared to the earlier two time periods.   

It is not uncommon to find these three effects of fragmentation present in landscapes 

undergoing changes in spatial configuration and vegetation composition. The coastal range in 

Chile is experiencing fragmentation, by way of deforestation, with an increase in patch density 

and a 67% loss of native forests in 25 years (Echeverria et al., 2006). Anthropogenic 

fragmentation can occur much quicker than natural fragmentation. Bowman et al., (2001) found a 

decrease of grasslands from 205 ha to 74.4 ha over a 53-year period in a subcoastal region of 

Australia; tree invasion was the governing factor with an increase in coverage and patch number  
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(116 to 142). Similarly, the area of grassy balds in Oregon Coast Range declined by 65% in 

extent over 50 years due to forest encroachment (Zald, 2009). Tree invasion in South Dakota is 

also occurring but at a slower rate of approximately 25% of grassland lost over 60 years (Spencer 

et al., 2009). These results are more comparable to the present study (as opposed to human 

fragmentation rates); tree invasion relies on successful seed dispersal/clonal regeneration and 

takes time for establishment and growth. Changes in the configuration of the landscape over time 

are also evident through changes in the distribution of other metrics, such as radius of gyration 

and perimeter.  

Isolation, and therefore dispersion of patches, can also be measured using the radius of 

gyration (McGarigal & Marks, 1995). The radius of gyration is a measure of patch extent but can 

also be indirectly associated with the structural connectivity of the landscape (Echeverria et al., 

2006). In a Chilean temperate forest a decrease in the radius of gyration occurred along with 

fragmentation indicating a decreasing trend of connectivity between forest fragments and creating 

more compact and smaller fragments (Echeverria et al., 2006). The results of this study indicate 

the distribution of size classes for the radius of gyration has changed significantly recently. In the 

last 30 years the increase in tree encroachment has increased the area between patches and caused 

grassland patches to be less connected.  

Lastly, the distribution of the core area and perimeter of patches was significantly 

different in the last 30 years. This can be attributed to the large increase in small patches in 2007 

which resulted in a high number of patches having core areas of zero. The area deemed as 

perimeter, or edge, failed to exist in some of the smaller patches resulting in this change. The 

mean core area also decreased only between 2007 and the earlier two years; 0.2 ha, 0.2 ha, and 

0.1 ha in 1947, 1979, 2007, respectively. It appears that in the last 30 years a threshold was 

surpassed and many of the patches are comprised entirely of edge. If trees continue to encroach at 
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the rate determined in Chapter 3 (approximately 15 meters in 30 years), the core area metric 

suggests many small patches will be lost completely by 2040.  

4.5.2 Topography 

Topographic gradients play a large role in both dictating where grasslands are found in 

the study area, and also the degree of tree invasion into grasslands over time. Aspect and slope 

steepness influence air temperature and soil moisture; they have been found to be the most critical 

site factors influencing tree growth (Villalba et al., 1994). Most grasslands occur on flat terrain 

and gradual southwest slopes. This is similar to grasslands in interior BC, Canada; open grassland 

has been found to have the highest probability of occupying drier and warmer south aspects, 

while closed forests have the highest probability of occupying north aspects (Bai et al., 2004). 

Nevertheless, grasslands were found on almost all of the topographic gradients in the area and 

have all, to some extent, decreased in area over the 60-year period. As shown in the results, the 

largest area of grassland was lost on flat terrain (27.0% of total grassland lost) and gradual 

southwest slopes (21.7% of total grassland lost). It is important to consider that even though some 

aspects only lost a few hectares of grassland, it resulted in a 50% loss of total grassland on that 

specific topographic gradient; these aspects may be more vulnerable to disappearing altogether. 

 In our study area, tree invasion into grasslands was highest on flat terrain and the amount 

of grassland lost decreased with increasing slope steepness. This is also evident with the moderate 

slopes having a higher grassland to forest ratio; it is difficult for trees to successfully establish on 

moderate to steep slopes. In interior BC, Canada, the probability for open grassland to be lost due 

to tree invasion decreased as slope steepness increased (Bai et al., 2004). Similarly, expansion 

rate of woodland area in central Nevada, USA, was most rapid on gradual slopes (Weisberg et al., 

2007). On the other hand, Coop & Givnish (2007) found that small meadows on steeper slopes 
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were particularly susceptible to invasion and are quickly disappearing. However, these steeper 

slopes were also found at higher elevation and the authors attributed the relation between slope 

and encroachment, in part, to a different set of environmental factors responsible for maintaining 

grasslands at higher elevations (Coop & Givnish, 2007).  

Topography plays an important role in determining microclimate (Geiger et al., 2003). 

Slope degree can control the velocity of wind while slope aspect determines factors such as 

insolation, evaporation, sublimation, and snow melt and retention (Bai et al., 2004). Increased 

stress on seedlings due to stronger winds may increase mortality and result in a lower rate of tree 

establishment on steeper slopes in the study area and orographic influences such as rocky 

outcrops, or rock debris, are generally more locally confined on gentle slopes, compared to steep 

slopes (Holtmeier & Broll, 2005). Fewer rocks and inhospitable environments for successful seed 

establishment may contribute to the increased tree invasion on flat terrain and gradual slopes in 

the southwest Yukon. In Washington, USA, low establishment rates on shallow slope angles were 

observed due to competition between existing herbaceous cover possibly inhibiting tree 

establishment (Stueve et al., 2009). Field observations indicated little herbaceous cover present 

on gradual slopes in our study area, and successful tree invasion alongside shrubs on flat terrain 

suggesting that competition does not appear to be impeding tree establishment in the study area. 

 There was also extensive tree encroachment on southwest slopes in the our study. 

Interestingly, tree invasion on southwest slopes and flat terrain has been much more recent; in the 

last 30 years, 91% and 74% of the total grassland area was lost from southwest slopes and flat 

terrain, respectively. This is in comparison to 63% for west slopes and 54% for northwest slopes 

which appears to be a more consistent decrease in grassland area over the two time periods. From 

field observations it was evident that it is generally trembling aspen that is invading grasslands on 

south-facing slopes and flat terrain; most trees on north-facing slopes are white spruce and 
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occupy a greater proportion of the slope. Differences between the two species in response to fine- 

and broad-scale factors might be the reason for varying periods of tree establishment. 

 Many studies have found the greatest tree invasion on north-facing slopes (Hogg & 

Schwarz, 1997; Kadmon & Harari-Kremer, 1999; Andersen & Baker, 2005). Smaller fluctuations 

in daily temperature ranges can result in a lower mortality rate for seedlings compared to south-

facing slopes (Germino et al., 2002). Generally, high rates of establishment on north-facing 

slopes have been attributed to a higher degree of moisture, and therefore a lower evaporative 

demand (Kadmon & Harari-Kremer, 1999; Andersen & Baker, 2005; Weisberg et al., 2007). 

Lower encroachment rates on north and west-facing slopes may be initially misleading in our 

study; although smaller extents of grasslands were lost, these aspects have the highest proportion 

of forest to grassland. A more favourable moisture regime on north and west-facing slopes is 

likely contributing to the higher abundance of trees. If current encroachment rates continue, in 

another 60 years grasslands on north and west-facing aspects will completely disappear.  

 The prominence of grasslands on south-facing slopes generally is due to warmer and 

drier slopes, making tree invasion difficult (Hogg & Schwarz, 1997; Chinn & Wang, 2002). 

However, significant tree invasion has been noted on southwest aspects and flat terrain (Dyer & 

Moffett, 1999; Bai et al., 2004). Dyer & Moffett (1999) attributed this difference in encroachment 

rate to microclimatological factors, such as snow accumulation and wind. Furthermore, 

differences in stand composition on north- and south-facing slopes is common. Typical subalpine 

forests on north slopes are dominated by Engelmann spruce (Picea engelmannii), whereas 

corkbark fir (Abies lasiocarpa var. arizonica) and douglas-fir (Pseudotsuga menziesii) dominate 

the warmer, drier southern slopes in New Mexico, USA (Dyer & Moffett, 1999). Encroachment 

rates often vary between species; lodgepole pine (Pinus contorta) and trembling aspen have 

invaded grasslands in the Medicine Bow Mountains in Wyoming, USA, whereas openings within 
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spruce-fir forest appear stable with little invasion (Andersen & Baker, 2005). In addition, spruce 

species slowly, and steadily, invaded grasslands on mesic north-facing aspects in the Grand 

Canyon National Park area, Arizona, USA, whereas aspen have experienced a more recent period 

of establishment on south and north-facing aspects (Moore & Huffman, 2004). Moore & 

Huffman (2004) suggested the recent increase in trembling aspen is due to wetter conditions 

coinciding with peak establishment. Although microclimatic factors might contribute to the 

difference in encroachment rates, changes in broad scale climate benefitting aspen establishment 

might be the cause of a more recent, and a greater extent of, tree invasion on south-facing slopes 

and flat terrain (Chapter 3). 

4.5.3 Other possible mechanisms affecting forest encroachment 

 Although temperatures increased significantly during the 60-year study period, we cannot 

rule out the possible effects of fire and herbivory on forest encroachment. Changes in fire 

regimes, generally fire suppression, have resulted in forest encroachment or increased forest 

density in many regions of North America (Heyerdahl et al., 2006; Coop & Givnish, 2007; 

DeSantis et al., 2011). Similarly, changes in grazing regimes have had a variety of impacts on 

forest-grassland ecotones (Sankey et al., 2006a, 2006b; Van Auken, 2009). The extent to which 

fire played a role in maintaining southwest Yukon grasslands is unclear. The fire regime in the 

study area shifted from large, infrequent fires in the 1800s to smaller, frequent fires in the early 

1900s, to virtually no forest fires since (Dale et al., 2001; Hogg & Wein, 2005). It is conceivable 

that this recent absence of fire has allowed for the successful establishment of trees into 

grasslands. Conversely, fine-scale irregularities in burn patterns in the Kluane Lake region are 

partly due to the strong influence of topography (Dale et al., 2001), just as grassland distribution 

is, and it is possible that the grasslands of Kluane Lake have been fire-free for centuries. A study 

of the fire history of these grasslands, including dendrochronological investigations, location and 
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dating of charred remains, and soil charcoal analysis, seems necessary to elucidate the role of fire 

in this system and, thus, the possible role of its absence in forest encroachment.  

Herbivory is another process that could have influenced forest encroachment. Population 

densities and cycles of snowshoe hares in the region are well documented (Hodges et al., 2001). 

Snowshoe hares browse heavily on young aspen and could have a negative impact on trees due to 

constant browsing during peaks of their 10-year population cycle, either by killing the tree or 

severely impeding growth. Conversely, the cyclical presence of snowshoe hares as well as ground 

squirrels could facilitate seedling establishment in grassland areas by creating optimal soil 

conditions and fertilization. Moderate grazing and burrowing can expose mineral soil and small 

openings free from competition with grasses (Rummel, 1951; Mast et al., 1998). The impact of 

free range horses in the area is also unknown and a decline in herd size over the last 25 years may 

have influenced the recent increase in forest encroachment. Negative impacts of large grazers can 

be associated with trampling of the invading seedlings into grasslands (Kay & Bartos, 2000; 

Sankey et al., 2006b) and it is possible that the decrease in herd size allowed for seedlings to 

grow and successfully invade into grasslands. Conversely, horses are grazers that primarily 

consume graminoids (Vallentine, 2001) and it is conceivable that grazing at the peak of the herd’s 

size actually facilitated encroachment by reducing competition between seedlings and grasses. 

Again, as with fire, without directed studies it is impossible to arrive at a definitive conclusion on 

the specific influence of herbivory on forest encroachment into these grasslands.  

4.6 Conclusions 

Tree invasion into grasslands has been ongoing for the past 60 years in the southwest 

Yukon, however the rate and extent varies across topographic gradients. Our study contributes to 

the growing body of literature focusing on forest-grassland dynamics and the underlying factors 
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governing tree encroachment. Invasion found at a landscape-scale, as well as enhanced 

encroachment on certain aspects, suggests differences in topography affects successful tree 

establishment in the southwest Yukon. Although encroachment has been found in many studies 

(e.g. Dyer & Moffett, 1999; Wearne & Morgan, 2001; Briggs et al., 2002a; Coop & Givnish, 

2007; Mitchard et al., 2009), work on grasslands in the Yukon is new; however, further 

investigation into their causal factors is crucial for a comprehensive understanding of the role 

topography plays in ecotone dynamics. Additionally, it is uncommon to use both patch and 

landscape metrics across three time periods although it proved to be very beneficial in our study. 

Patch metrics provided insight on the changing distribution of mean area, perimeter, radius of 

gyration and core area; this would not have been possible using only landscape metrics. Similarly, 

if only two images were used, for example from 1947 and 2007, the more recent increase in tree 

establishment on flat terrain and south-facing slopes would have been missed. This study shows 

the importance of including multiple time periods and varying metrics to fully understand ecotone 

dynamics. These techniques should be considered in future studies wishing to investigate long-

term changes across spatial and temporal scales.  

We found that loss of grassland was most extensive on south-facing slopes and flat 

terrain in southwest Yukon. Aspen may be more drought-tolerant than spruce, therefore more 

successful in invading dry, south-facing aspects and has benefitted from recent, warmer 

temperatures (Chapter 3). Further research on microclimatic differences between north- and 

south-facing slopes would enhance this study and could provide information on soil moisture, 

wind velocity, and solar radiation. Quantitative measurements of variables on each aspect will aid 

in determining optimal conditions for species establishment and aid in predicting future change in 

the area. Results suggest that if current conditions continue, further encroachment into grasslands 

may occur. However, conditions further upslope may not be optimal for successful establishment; 
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experimental seedling trials in areas that may be vulnerable to encroachment would reveal if tree 

growth is possible and would thus solely require successful dispersal. Information on growth 

limitations and mechanisms could provide a more reliable and accurate prediction of how this 

ecotone may change in the future and improve interpretation of the results found in this study. 

Northern grasslands are rare and provide habitat for unique assemblages of local flora and fauna; 

understanding the patterns and processes behind forest encroachment is crucial for maintaining 

grassland habitat.   
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Figure 4.1 A quickbird panchromatic image of the study area taken 
in 2007. The study area is located on the southeast side of Kluane 
lake in the southwest Yukon.  
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Figure 4.2 South-facing grasslands with possible aspen encroachment along the bottom of 
the valley. Note white spruce at the crest of the opposing north-facing slope. 
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Figure 4.3 Panchromatic QB image with grassland extent in 1947 overlayed by grassland 
extent in 2007. The red (1947 grasslands) indicates where tree encroachment has 
occurred over 60 years. 
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1979a 2007a 

1947b 1979b 2007b 

Figure 4.4 Grassland patches experiencing (a) fragmentation and (b) disappearing over 
the three time steps (1947, 1979, 2007). Patches are fragmenting with one large patch in 
1947, splitting into 2 patches in 1979 and three patches in 2007. Patches are also 
disappearing over time with one large patch in the bottom right of the 1947 image, split 
into 4 small patches in 1979 and completely encroached by trees by 2007. 
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Table 4.1 A description and list of metrics, both patch-level and landscape-level, used to 
examine spatial configuration and composition of landscapes. 

Metric Description 
Total Area 
(TA) 

Measures the total area of all patches in the landscape. 

Number of 
Patches (N) 

The number of patches in the landscape. 

Largest 
Patch Index 
(LPI) 

Measures the area (m2) of the largest patch in the landscape; reported as 
the percent of the landscape the patch comprises. 

Total Edge 
(TE) 

Measures the total edge length of all patches and is related to the degree 
of spatial heterogeneity. What constitutes ‘edge’ is user-defined.  

Landscape 
Shape Index 
(LSI) 

Measures the perimeter-to-area ratio; can be interpreted as a measure of 
the overall geometric complexity of the landscape/disaggregation 
(dispersion of patches). The more dispersed patches are, the higher the 
LSI will be. 

Area A measure of total landscape area, either the mean or variability (range, 
standard deviation and coefficient of variation). 

Gyrate Measures the patch extent; can be interpreted as the average distance an 
organism can move in a patch before reaching a boundary. The longer, 
larger and less compact a patch, the larger the radius of gyration will be.  

Perimeter-
area Fractal 
Dimension 
(PAFRAC) 

Measures shape complexity of a patch mosaic and provides an index 
across a wide range of patch sizes. PAFRAC will be low when small and 
large patches have simple geometric shapes; the patch perimeter 
increases/decreases relatively slowly as patch area increases/decreases.  

Total Core 
Area (TCA) 

Measures the total area after eliminating edge area. Again, edge area is 
user-defined.  

Euclidean 
Nearest 
Neighbour 
(ENN) 

Measures patch isolation and dispersion; the shortest straight-line 
distance between patches. The coefficient of variation (CV) is preferred 
for comparing variability among landscapes; similar values indicate 
landscapes with the same regularity of patch distribution.  
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Table 4.2 Landscape metric results for each time period calculated using Fragstats. AM 
refers to area-mean weighted (ex. patch area (m2) divided by the sum of patch area),  CV 
refers to coefficient of variation (standard deviation divided by the mean, multiplied by 100 
to convert to percentage). 

Year 1947 1979 2007 
Total Area (ha) 214.4 196.4 137.8 
Number of patches 170 211 270 
Largest Patch Index (%) 11.6 9.1 9.8 
Total Edge (m) 223495.0 209754.0 189099.0 
Landscape Shape Index 38.2 37.4 40.3 
Mean patch size (ha) 1.3 0.9 0.5 
Mean patch size (AM) 8.2 5.8 4.0 
Area (CV) 234.2 229.1 261.3 
Radius of gyration 
(AM) 

182.2 137.8 117.1 

Radius of gyration (CV) 117.6 109.0 116.9 
Perimeter-area Fractal 
Dimension 

1.6 1.4 1.4 

Total Core Area (ha) 39.0 39.4 16.1 
Euclidean Nearest 
Neighbour (CV) 

110.5 104.7 106.4 
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Table 4.3 Results of patch metric distribution comparisons. Values represent P-values 
generated by Kolomogorov-Smirnov analyses comparing each time period.   

Metric 1947-1979 1979-2007 1947-2007 
Area  0.177 <0.001 <0.001 

Perimeter 0.509 0.001 <0.001 
Radius of Gyration 0.314 0.003 <0.001 
Fractal Dimension 0.810 0.573 0.306 

Core Area  0.682 0.018 <0.001 
Euclidean Nearest 

Neighbour  
0.479 0.092 0.120 
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Table 4.4 Total amount (in hectares) of grassland on each slope-aspect combination. The 
change in area is generally a decrease (indicated by a (-) sign), however there were some 
cases of increase in grassland between 1947 and 1979 (e.g. NE, E, SE on low slopes). 

  

Study 
Area 
(ha) 

Total Grassland Area (ha) 
 

Change in Grassland Area 
(ha) 

Slope Aspect  1947 1979 2007 
1947-
1979 

1979-
2007 

1949-
2007 

Flat 
 

270.1 49.7 44.3 29.0 -5.3 -15.3 -20.7 

  
 

      Gradual North 55.3 8.2 6.4 4.0 -1.8 -2.5 -4.2 

 
Northeast 6.5 2.0 2.2 1.6 0.2 -0.5 -0.4 

 
East 21.9 8.6 8.7 6.6 0.1 -2.1 -2.0 

 
Southeast 12.2 6.2 7.2 4.5 1.0 -2.8 -1.8 

 
South 76.7 17.4 16.7 12.2 -0.7 -4.4 -5.1 

 
Southwest 200.9 53.3 51.9 36.7 -1.4 -15.2 -16.6 

 
West 112.7 20.7 16.9 10.5 -3.8 -6.4 -10.2 

 
Northwest 90.3 18.0 13.9 8.9 -4.1 -4.9 -9.1 

  
 

      Moderate North 3.2 0.0 0.0 0.0 0.0 0.0 0.0 

 
East 3.2 2.1 2.6 1.6 0.6 -1.0 -0.5 

 
South 43.6 12.6 11.3 9.8 -1.3 -1.5 -2.8 

 
Southwest 27.9 10.8 9.5 8.8 -1.3 -0.7 -2.0 

 
West 6.5 2.1 2.0 1.3 -0.1 -0.6 -0.8 

 
Northwest 2.4 0.8 0.6 0.5 -0.2 -0.1 -0.4 

  
 

      Steep South 0.8 0.1 0.1 0.1 0.0 0.0 0.0 

 
Southwest 4.9 2.0 2.3 1.9 0.3 -0.4 -0.1 

  
 

      Total 
 

 214.5 196.5 137.9 -18.0 -58.6 -76.6 
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Chapter 5 

Summary and Conclusions 

In the past century the Arctic has seen changes in woody vegetation distribution, 

specifically trees (Danby & Hik, 2007a, 2007b; Kharuk, 2010) and shrubs (Myers-Smith, 2011) 

in alpine environments. Forest encroachment into grasslands has been documented globally and it 

is possible that northern grasslands are undergoing similar shifts in vegetation. Subject to 

significant recent warming in the area (Prowse et al., 2009), grasslands in the southwest Yukon 

may be susceptible to tree invasion; forest-grassland ecotones may be responding in a similar 

fashion as forest-tundra. The rate and extent of forest encroachment was investigated through the 

integration of dendroecological techniques and repeat image analysis.  

During the summer of 2011, white spruce and trembling aspen samples were obtained 

across forest-grassland ecotones. Sites were chosen with the goal of understanding both regional 

and topographical differences in forest encroachment. Ecotone structure, age distribution and the 

relation between climatic variables with tree establishment were analyzed. Results indicated that 

recent forest encroachment is occurring in the southwest Yukon, however the rate and extent 

varies between species and across topographic positions. 

 Trembling aspen is the dominant ecotone species; recent pulses of establishment were 

observed across both regions and different topographic positions. South-facing slopes and flat 

terrain exhibited similar rates and extent of forest encroachment suggesting, at a broad scale, that 

differences in topography are not the sole driver of tree invasion. However, the absence of aspen 

on north-facing slopes indicates that topography does play an important role in forest 

encroachment and species distribution. Warmer spring temperatures are likely contributing to the 

recent successful establishment of aspen. However, small-scale factors, such as microclimate, are 
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also responsible for differences in forest encroachment and warrants further investigation. It is 

possible that changes in fire regime and grazing patterns have also affected forest-grassland 

dynamics, and I recommend further investigations around the role of these mechanisms as 

potential influences. White spruce is dominant in mature forests across the study area and has not 

exhibited a recent pulse of establishment. It is possible that white spruce is experiencing 

temperature-induced drought-stress. North-facing slopes are dominated by white spruce and 

results indicate that the forest-grassland ecotone at the top of ridges has been stable for 

approximately 60 years.  

 Repeat image analysis was used to analyze forest-grassland dynamics over a 60-year time 

span. This analysis allows for a multiscale understanding of ecotone dynamics and the factors 

influencing forest encroachment. Results complement those of the dendroecological analyses; 

recent forest encroachment has occurred and is concentrated on flat terrain and south-facing 

slopes. Grasslands in the southwest Yukon have become increasingly fragmented. Over the last 

60 years, the number of small patches has increased; a greater number of patches are vulnerable 

to disappearance should recent encroachment trends continue. Encroachment rates vary between 

north-facing slopes and south-facing slopes and level terrain suggesting both microclimatic 

differences and species-specific factors are influencing ecotone dynamics in southwest Yukon. 

The use of landscape metrics and three time periods was crucial in fully understanding the 

changes in forest-grassland ecotones and should be considered for future studies examining 

boundary changes at a landscape scale.  

 The multiscale approach, using both dendroecological techniques and repeat image 

analysis, proved to be beneficial in capturing a holistic view of recent changes in the forest-

grassland ecotone. The results from both techniques complement each other; changes in the forest 

boundary was detected at two separate scales. Both studies found encroachment to be highest on 
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flat terrain and south-facing slopes. Furthermore, both studies found that although some 

encroachment occurred on north-facing slopes, the ecotone has been fairly stable in recent 

decades. Although corroborating results are useful, the information that would have been missed 

if just one of the two studies was performed highlights the importance of conducting multiscale 

studies. 

 Some of the key results that were obtained from the use of a multiscale approach include: 

1. Without repeat image analysis, I would be uncertain if encroachment was widespread, or 

if it occurred only at the specific sites chosen for dendroecological investigations. 

Grasslands have experienced changes in the forest-grassland ecotone at fine- and broad- 

scales.   

2. I observed a recent increase in forest encroachment, and loss of grasslands, in the last 30 

years according to repeat image analysis. Using dendroecological methods I was able to 

determine this is likely due to a recent pulses in both spruce (1980-1984) and aspen 

(1995-1999) establishment.  

3. Through the use of landscape metrics I was able to quantify the extent of fragmentation 

and changes in the spatial configuration of the landscape. It is difficult to detect 

fragmentation and loss of grassland patches through dendroecological techniques.  

4. Without knowledge of the forest encroachment rate and extent, I would not have been 

able to predict the core area of grasslands that will remain after another 30 years of 

continued encroachment. I also would not have known the amount of edge susceptible to 

encroachment over a certain time period. 

These results contribute to the growing body of literature on forest-grassland dynamics. 

Additionally, they provide information on an important northern ecotone that had not previously 
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been studied. Future studies in the area should focus on the fine-scale differences between 

topographic gradients that contribute to some of the variation in forest encroachment into 

grasslands. Furthermore, studies exploring the potential for advance into grasslands will be 

essential in predicting future change in the area. Only through a complete analysis across multiple 

scales can forest-grassland dynamics be understood and thus mitigated.  
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