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Abstract 

My research evaluated the rate and nature of forest expansion within the Cypress Hills 

Interprovincial Park in western Canada, where it is currently a topic of management 

interest. I analyzed historical aerial photographs to estimate the rate and pattern of 

forest expansion over two time intervals (1970s-1990s and 1990s-2018). Using aerial 

laser scanning (ALS), I assessed canopy height and canopy cover in newly established 

forested areas. From field transects, I measured the density of tree regeneration 

outwards from the forest edge and assessed its relationship to grazing activity. The 

estimated rate of forest expansion was slower in the second time interval (1.9% every 

20 years) than the first (2.8% every 20 years). Overall, the rate of woody plant 

expansion (0.12% per year) was on the low end of expansion rates calculated for North 

America (<0.1-2.3% per year) and elsewhere. Mean canopy height and cover of 20-

year-old and 40-year-old forests were similar, but were 5.5 m shorter and had 10% less 

canopy cover than older forests. Grasslands within 50 m of the forest edge had 

appreciable tree cover, which suggests that forest expansion in the study area is likely 

the result of sporadic tree establishment in grasslands followed by a slow infilling 

process that produces a closed forest canopy over time. Most forest expansion in the 

last 40 years occurred within 25-50 m of established forests, and 68% of all tree 

regeneration was recorded within 15 m of the forest edge. Continuous grazing, at the 

intensity in Cypress Hills, did not have an effect on tree regeneration along the ecotone. 

The observed rates of forest expansion between the 1970s and 2018 indicate that slow 

land cover transitions are decreasing grassland area by 0.15% per year. It is important 

to quantify land cover change where there is potential risk of losing biodiversity or 
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ecosystems at risk, such as grasslands. Quantifying the rate of land cover change and 

the structural development of newly established vegetation is important for management 

and restoration practices, and contributes to a better understanding of global trends. 
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Chapter 1. Introduction 

1.1. Forest expansion 

The expansion of forest cover into former grassland areas is occurring on multiple 

continents (Duarte et al., 2006; Joshi et al., 2020; Veldman et al., 2015), and has been 

documented in different ecosystems, including semi-arid and montane environments, 

across North America (Chhin & Wang, 2002; Coop & Givnish, 2007, 2008; Haugo & 

Halpern, 2010; Stockdale et al., 2019). Forest expansion is a form of woody plant 

encroachment, defined as the appearance, or increase in density, cover or biomass, of 

woody plant populations in vegetation types where they were not previously found 

(Barger et al., 2011; Eldridge et al., 2011; Stevens et al., 2017). There is current 

concern over loss of grasslands because they are one of the most at risk biomes due to 

land conversion (Hoekstra et al., 2005) and there is uncertainty in how the shift from 

herbaceous to woody plant cover affects terrestrial carbon stocks (King et al., 2007). A 

better understanding of the factors that influence forest expansion processes would help 

in projecting future land cover change, as well as its effects on carbon stocks (Barger et 

al., 2011) and habitat availability for forest and grassland species. 

Shifts from grassland to forest cover can influence the ecosystem functions and 

services provided by each ecosystem. For example, reductions in grassland habitat and 

rangeland area can lead either to lower carrying capacity or overgrazing (Archer, 1994; 

Ducherer et al., 2009; Haugo & Halpern, 2010). Over half of the world’s temperate 

grasslands have been developed or converted to other land uses (Hoekstra et al 2005). 
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Grassland-obligate species decline or are displaced once these ecosystems exceed 

species-specific thresholds for woody cover (Briggs et al., 2002; Grant et al., 2004; 

Lautenbach et al., 2017). On the other hand, forest cover increases structural diversity 

and provides habitat and site conditions for many non-grassland flora and fauna (Archer 

et al., 2017; Halpern & Lutz, 2013; Haugo & Halpern, 2010). Woody vegetation can 

change water infiltration rates and facilitate underground water flow via larger root 

channels (Archer et al., 2017; Scholes & Archer, 1997). Higher amounts of nutrients, 

such as nitrogen, are found under tree canopies compared to neighboring open 

pastures (Li & Wilson, 1998; Scholes & Archer, 1997). 

Another change in ecosystem function that can occur with the shift of vegetation type is 

aboveground net primary productivity (ANPP), which is a key component of the carbon 

cycle. Increased leaf area index and water use efficiency by woody plants compared to 

grasses can lead to a change in ANPP in the absence of disturbance (Barger et al., 

2011). However, the magnitude, and even direction, of that change is dependent on 

mean annual precipitation (Archer et al., 2017; Knapp et al., 2008).  For example, 

transition from grasses to woody plant cover can increase ANPP where light is a limited 

resource. This is due to more complex branching structures and leaf area in woody 

plants compared to grasses. However, in xeric conditions where water availability limits 

ANPP, those production advantages for capturing more light do not necessarily 

increase ANPP. Thus, the effects of woody plant expansion on ANPP may vary 

depending on the climate.  

Barger et al. (2011) analyzed woody plant expansion in eighteen ecoregions spanning 

the United States and calculated that annual change in woody cover ranged from <0.1 
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to 2.3% per year. Trees and shrubs exhibited similar increases in percent cover (0.62% 

yr-1 and 0.52% yr-1, respectively), but rates of encroachment varied substantially among 

sites. In a meta-analysis of woody plant expansion in Africa, Australia, and South 

America, Stevens et al. (2017) found that annual changes in woody cover ranged from 

0.1-1.1%, with considerable variability between continents. The broad range of 

estimates for land cover change suggests that local factors can have a strong influence 

on the extent of land cover change.   

While mean annual precipitation for an area determines its potential to support tree or 

shrub cover (Archer et al., 2017; Sankaran et al., 2005), the dominant vegetation type 

(herbaceous vs woody) at a particular site can depend on a larger set of interacting 

factors. Fire and grazing are understood to suppress expansion of tree cover through 

mechanisms that eliminate forest regeneration beyond the forest edge (Mast et al., 

1998; Stockdale et al., 2019; Wilcox et al., 2018). Moisture and temperature, which are 

limiting factors to vegetation growth, can vary across heterogeneous landscapes. Thus, 

topography and microclimatic conditions can affect the rate and extent of woody plant 

expansion within a particular landscape (Chhin & Wang, 2002; Joshi et al., 2020; 

Kennedy & Sousa, 2006; Widenmaier & Strong, 2010). Factors such as temperature, 

moisture, fire or grazing alone may not individually limit woody plant expansion, but a 

combination of these factors may shift the competitive advantage towards grasses or 

trees, depending on the circumstance. For example, hot, dry years can negatively affect 

tree establishment and survival (Chhin and Wang 2016; Hogg et al 2008). If unfavorable 

climatic conditions for trees are coupled with fire events or predation, chances of 

seedling survival decrease even further (Archer et al., 2017; Coop & Givnish, 2008; 
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Wilcox et al., 2018).  

1.2. Natural and anthropogenic disturbances 

Static tree-lines are often associated with herbivory and fire (Coop & Givnish, 2007; 

Mast et al., 1998; Stevens et al., 2017; Stockdale et al., 2019; Widenmaier & Strong, 

2010; Wilcox et al., 2018). Fire is considered a leading factor in maintaining stable tree-

lines, because burns usually cause more damage to young woody species than to 

perennial grasses and forbs (Ducherer et al., 2009). Studies around the world have 

found that instances of woody plant expansion corresponded to changes in grazing 

regimes by various large mammals, including elk (Hessl & Graumlich, 2002), sheep 

(Coop & Givnish, 2007), elephants (Stevens et al., 2017), and reindeer (Cairns & Moen, 

2004). In North America, the extirpation of bison in the 1880s has been implicated in the 

expansion of aspen in the Central and Northern Great Plains (Campbell et al., 1994). It 

is believed that bison affected forest-grassland boundaries through browsing, trampling, 

wallowing and toppling (Bork et al., 2013; Campbell et al., 1994; Plumb & Dodd, 1993; 

Wuerthner, 1998) which can lead to increased seedling mortality.   

Coinciding with the bison population decline was the initiation of fire suppression. 

Grassland fires were historically common and, as such, ecosystems developed with 

these disturbances (Fuhlendorf & Engle, 2004). Fire and grazing can also be 

considered a single disturbance regime because of their intrinsic interactions, referred 

to as pyric herbivory (Fuhlendorf & Engle, 2004; Wilcox et al., 2018). A vital role of 

grazers is the removal of fine fuel in grasslands. Research has shown that grazing and 

fires maintain a heterogeneous grassland landscape through a series of feedback loops 
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(Fuhlendorf et al., 2009; Fuhlendorf & Engle, 2004; Wilcox et al., 2018). For example, 

bison preferentially graze in areas that were recently burned, leaving other areas of 

grassland ungrazed (Fuhlendorf & Engle, 2004). Those ungrazed areas accumulate 

biomass which increases the probability of fire occurrence. After the ungrazed area 

burns, grazers return, leaving other regions of the landscape to subsequently 

accumulate fine fuels. This cycle leads to what is called the ‘shifting-mosaic landscape’ 

which sustains biodiversity through heterogeneous vegetation and variation in time 

since disturbance (Fuhlendorf & Engle, 2004; Wilcox et al., 2018). Grazing intensity is 

correlated to fire intensity. If an area is left ungrazed for extended periods and fine fuels 

are left to accumulate, resulting grassland fire intensity may damage perennial grasses 

if the fire burns too hot for too long (Davies et al., 2009). Extensive grazing greatly 

reduces fine fuels and, subsequently, reduces the frequency and intensity of fires. This 

may produce burns that lack the intensity to kill tree regeneration (Briggs et al., 2002). 

Historically, encroaching seedlings and suckers into rangeland would be killed by the 

frequent fires, trampling and/or browsing disturbances (Coop & Givnish, 2008; Hogg, 

1994; Mast et al., 1998; Stockdale et al., 2019; Wilcox et al., 2018). Without 

disturbance, small tree stems are left to develop. Once saplings grow into larger trees, 

they survive fires better due to development of thicker bark that insulates the cambium 

from reaching fatally high temperatures (Costa et al., 1991). Fire return intervals 

increased over the 20th century and as result, increased tree cover has been observed 

(Briggs et al., 2002; Mast et al., 1998; Stockdale et al., 2019). Grazing however has 

continued as a disturbance but is now influencing vegetation independently of fire on 

many landscapes. Studies in recent decades on the effects of grazing on forest 
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expansion are thus uncoupled from historic interactions between grazing and fire.  

Grazing as an independent disturbance could have either a positive or negative effect 

on forest expansion. Grazing may facilitate tree establishment and growth by 

preferentially removing grasses, and thus reducing competition. Grazers may also 

assist with seed dispersal (Sankey et al., 2006). On the other hand, grazers may hinder 

tree establishment through trampling or browsing. Since European colonization, and the 

over harvesting which led to the collapse of bison populations by the 1880s, ranchers 

have grazed cattle in grassland areas across much of the bison’s historic range. Bison 

and cattle have a dietary preference for graminoids (Plumb & Dodd, 1993), but bison 

have been found to browse on aspen suckers more than cattle (Bork et al., 2013).  

Research on the effects of livestock grazing on woody expansion has variously revealed 

positive, neutral and negative effects (Barger et al., 2011; Browning & Archer, 2011).  

For example, shrub biomass was 24% higher in protected (ungrazed) sites compared to 

grazed ones in the arid grasslands of the southwest United States (Browning & Archer, 

2011). Conversely, Soulé et al. (2003) observed a greater increase in juniper cover on 

grazed compared to protected areas in central Oregon. In Panama, there was a general 

reduction in pasture grasses and an increase in woody plants along the forest-grassland 

ecotone in the presence of grazers (Williams-Linera, 1990). In Colorado, a pulse in tree 

regeneration coincided with release from intensive grazing (Mast et al., 1998). Sankey 

et al. (2006) found no consistent pattern of increase or decrease in tree expansion with 

increasing grazing intensity although responses to decadal-scale grazing differed for 

aspen and Douglas fir in Montana. 
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1.3. Regional variation in forest expansion and abiotic 
constraints 

Climatically-driven vs disturbance-driven ecosystems differ in whether the proportional 

coverage of different vegetation types are stable in the absence of disturbances such as 

fire and herbivory. Sankaran et al. (2005) considered savannas with precipitation <650 

(+/- 134) mm/yr to be climatically-determined, with trees and grasses co-occurring 

without fire or herbivory. They considered savannas with an annual precipitation >650 

mm/yr to be disturbance-driven, where fire, grazing and browsing are required to 

maintain the presence of both trees and grasses. This framework has been applied to 

explain differences in woody plant encroachment across ecoregions (Archer et al., 

2017; Barger et al., 2011; Stevens et al., 2017). For those ecosystems that are 

climatically-determined, disturbances, topography and soil conditions can still influence 

vegetation composition by reducing woody cover below the potential maximum 

determined by mean annual precipitation (Barger et al., 2011; Coop & Givnish, 2007; 

Sankaran et al., 2005). 

Discrete vegetation distributions within dry landscapes (Tongway et al., 2001), known 

as banded vegetation, suggest that topographic and hydrological factors may explain 

local variation in woody plant expansion (Wu & Archer, 2005). The accumulated water 

runoff from slopes and subsequent deposition of sediments in valleys fosters the growth 

of woody vegetation. A feedback loop of increased moisture, nutrients and temperature 

regulation under established tree cover can facilitate further development of woody 

cover, in particular on shallow slopes where runoff is more easily captured (Tongway et 

al., 2001). A pattern of increased forest expansion and tree density on north-facing 
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slopes has been attributed to higher levels of shade, which produces cooler and moister 

conditions (Chhin & Wang, 2002; Coop & Givnish, 2007; Hogg & Schwarz, 1997; 

Kadmon & Harari-Kremer, 1999; Mast et al., 1997).   

Studies have examined the effects of elevation, aspect and slope on forest expansion, 

particularly in relation to moisture availability. Wu and Archer (2005) found that areas 

with dynamic woodland boundaries had higher topographic wetness index values 

(wetter conditions), compared to areas with static woodland boundaries. A study from 

Israel comparing historical aerial photos from 1960 and 1992 found the degree of forest 

expansion differed by aspect with greater increases on north-facing compared to south-

facing slopes (Kadmon & Harari-Kremer, 1999). Another study looking at the spatial 

patterns of forest expansion in the Pyrenees mountains found that both aspect and 

elevation had significant influences, with the odds of forest expansion occurring on 

north-facing slopes six times higher than on south-facing slopes, and 2.7 times higher at 

lower (1500 m) compared to higher (2500 m) altitudes (Améztegui et al., 2010).  Both 

Ameztegui et al. (2010) and Sankey et al. (2006) found that slope had no significant 

effect on expansion, but Bai et al. (2004) found that conifer expansion into grasslands 

was negatively related to slope inclination in British Columbia. Coop and Givnish (2007), 

who measured tree expansion in the Jemez Mountains in New Mexico from 1935 to 

1996, found that trees were more likely to expand into grasslands at higher elevations 

and on steeper slopes than in the lower grasslands of the shallower valley bottoms, but 

found no relationship to aspect. Although topographic factors influence forest 

expansion, variability among study locations makes it difficult to generalize their effects. 
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1.4. Regeneration establishment and structural growth in 
grasslands 

Forest expansion is the result of the successful establishment of forest regeneration 

beyond its canopy. The tree seedling and sucker stage is considered the bottleneck 

stage of forest development (Coop & Givnish, 2008; Joshi et al., 2020), as it is when 

woody species are most sensitive to moisture, temperature, fire and browsing (Hogg, 

1994; Hogg & Schwarz, 1997; Ducherer, 2009). It is believed that forest-grassland tree-

lines can be determined by moisture and temperature constraints (Coop & Givnish, 

2007; Joshi et al., 2020). The insulating effects of woody vegetation on microclimatic 

conditions creates a positive feedback loop that supports additional tree establishment. 

Forest groves, islands and shrubs provide insulation against extreme temperatures and 

increase moisture needed to promote tree regeneration and survival (Chhin & Wang, 

2007; D’Odorico et al., 2010; Kennedy & Sousa, 2006; Li & Wilson, 1998). As a result, 

the establishment of forest pockets in open grassland is often associated with shrub 

presence (Chhin & Wang, 2002; Coop & Givnish, 2007), with other expansion occurring 

along the edges of existing forests (Chhin & Wang, 2002; D’Odorico et al., 2010; 

Sankey et al., 2006; Widenmaier & Strong, 2010).  

Relative humidity is higher in forests than in clearings due to decreased wind velocities 

and more stable air temperatures; these changes can also be observed along gradients 

of tree cover (Kennedy & Sousa, 2006; Williams-Linera, 1990). In Panama, the greatest 

change in temperature and relative humidity occurred 2.5-15 m from the forest edge 

(Williams-Linera, 1990). With increasing distance from the forest edge into the open 

grasslands, the average age of trees typically decreases (Chhin & Wang, 2002; Sankey 
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et al., 2006; Widenmaier & Strong, 2010). This observed pattern is likely due, in part, to 

regeneration patterns because seed densities are highest close to the parent tree 

(Doucet, 1989; Greene et al., 1999; Lotan & Critchfield, 1990). However, proximity to 

tree cover is also likely to provide the environment needed for successful tree 

establishment. A dendrochronological study of forest edge dynamics in Montana 

showed a repeating pattern of sparse older trees interspersed with younger trees in 

between them (Bekker, 2005). While there was a general negative relationship between 

distance from the forest and age, denser patches of younger trees established in 

between the older trees years later. This process of infilling can occur under sufficient 

canopy cover where the moderating effect of the canopy on temperature and humidity is 

likely to facilitate greater seedling establishment (Bekker, 2005; Haugo & Halpern, 2010; 

Kennedy & Sousa, 2006; Li & Wilson, 1998).  

Dispersal and establishment distance can determine how quickly a forest will expand. 

Successful establishment in grasslands depends on species traits, especially 

regeneration niche, as pioneer species will be much more successful in colonizing 

grassland areas than those adapted to regenerating under a shaded canopy.  As the 

microclimate starts to change with the presence of woody species in grasslands, the 

nucleating effect causes more trees to establish around it, leading to infilling of the 

adjacent grassland (Duarte et al., 2006; Gartzia et al., 2014; Kennedy & Sousa, 2006). 

As the tree structure in the adjacent grassland develops and becomes denser, there is a 

transition from grassland with sporadic tree cover to a closed-canopy forest. This new 

forest edge will mature over time. As more regeneration establishes beyond the new 
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forest-grassland boundary and, forests continue to advance into the grasslands, what 

was once edge forest becomes interior forest.  

New forests in areas where tree cover has recently expanded may not necessarily show 

the same patterns of structural development as existing forests. Forest edges are 

characterized by a higher density of small stems and lower canopy height. Compared to 

interior environments they experience higher solar radiation and wind velocity, which 

affects temperature and moisture of the air and soil (Carlson & Groot, 1997; Chen et al., 

1995; de Casenave et al., 1995; Williams-Linera, 1990). Greater light along the forest 

edges might facilitate height growth; however, in a dry climate, this benefit could be 

offset by water limitation. Chen et al. (1995) who studied microclimatic gradients from 

clear-cut gaps to interior forest in the Pacific Northwest, found the magnitude of change 

in temperature and moisture along the gradient varied by topography, in particular with 

aspect. They found that the insulating edge effects were most pronounced on southwest 

facing aspects and lowest on northeast-facing aspects. Thus, the same topographic 

factors associated with land cover change might influence post-establishment forest 

development since tree growth rates and biomass accumulation are affected by 

temperature and moisture (Chhin & Wang, 2016; Hogg et al., 2008; Hogg et al., 2005; 

Leonelli et al., 2008). Studies on established interior forest growth dynamics have found 

that tree growth was typically greater on northeast slopes compared to southwest 

slopes (Bałazy et al., 2019; Fekedulegn et al., 2003). Balazy et al. (2019) found Norway 

spruce growth had a positive relationship with slopes up to 15° and, highest height 

increments were found at lower elevations. Halpern & Lutz (2013) who studied forest 

canopy dynamics over a thirty year period found canopy closure occurred on north-
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facing aspects more than ten years earlier than on south-facing aspects. Just as 

topographic variation in environmental conditions can affect the extent of forest 

expansion, it may also explain differences in canopy height and cover within newly-

expanded forest areas adjacent to grasslands.  

1.5. Study objectives 

My thesis investigates forest-grassland boundary dynamics in Cypress Hills 

Interprovincial Park, a mixed vegetation landscape within the Prairies ecozone in 

western Canada. I address five main questions concerning the process of forest 

expansion in Cypress Hills: (1) What is the probability of land cover change at a given 

distance from the forest edge? (2) How does the canopy structure (height, cover) of 

newly forested areas compare with that in existing forests and adjacent grassland 

areas? (3) How prevalent is tree regeneration in grassland areas at varying distances 

from the forest edge? (4) How do topographic factors influence each of the above? and 

(5) Is regeneration density in grassland areas related to grazer activity? This research 

will further our understanding of how forest expansion processes vary across space and 

over time, and will help in setting park management objectives concerning land cover 

change within Cypress Hills.  
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Chapter 2. Forest regeneration, development and 
expansion into grasslands in a mosaic landscape   

2.1. Introduction 

Forest expansion into grasslands has been observed around the globe at varying rates 

(Améztegui et al., 2010; Coop & Givnish, 2007; Kadmon & Harari-Kremer, 1999; 

Stevens et al., 2017). Forest expansion is a subcategory of woody plant encroachment, 

and can be defined as an increase in density, cover or biomass of trees in vegetation 

types where they were not previously found (Barger et al., 2011; Eldridge et al., 2011; 

Stevens et al., 2017). Rates of woody plant encroachment into grasslands in North 

America range from <0.1 to 2.3% per year (Barger et al., 2011) and there is concern for 

the long-term implications of such land cover change. Grasslands are one of the most 

at-risk biomes for habitat loss (Hoekstra et al., 2005). There is also uncertainty in how 

aggregate shifts from herbaceous to woody plant cover affect terrestrial carbon stocks 

(King et al., 2007). A better understanding of the factors that influence forest expansion 

processes would help in projecting future land cover change, as well as its effects on 

carbon stocks (Barger et al., 2011) and habitat availability. 

Rates and patterns of forest expansion vary across ecoregions, and even within 

landscapes (Archer et al., 2017; Eldridge et al., 2011). Variable rates of expansion and 

both abrupt and diffuse forest edges have been observed on the same landscape (Naito 

& Cairns, 2011; Wu & Archer, 2005), which indicates that factors operating at the local 

scale can affect tree line boundaries in addition to regional influences such as mean 

annual precipitation (MAP). Mean annual precipitation determines the proportional 
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coverage of different vegetation types (ie. woody and herbaceous species). Sankaran et 

al. (2005) determined a precipitation threshold of 650 (+/- 134) mm/yr, where mosaic 

landscapes with MAP greater than this threshold were climatically-determined 

ecosystems and areas with lower MAP were considered disturbance-driven, meaning 

fire, grazing and browsing were required to maintain the presence of both trees and 

grasses. Moisture availability also influences tree establishment and development in 

semi-arid climates (Chhin & Wang, 2002, 2007; Hogg et al., 2005), and it has been 

hypothesized that moisture and temperature limitations help to maintain forest-

grassland boundaries (Fensham et al., 2005; Joshi et al., 2020; Kennedy & Sousa, 

2006; Mast et al., 1997).  

Local moisture levels and temperatures present differently across heterogeneous 

landscapes due to the influence of topography and vegetation cover, which can create 

microclimates and alter soil properties (Belsky et al., 1989; Coop & Givnish, 2008; 

Griffiths et al., 2005; Haugo & Halpern, 2010). Researchers have found that aspect  

(Améztegui et al., 2010; Kadmon & Harari-Kremer, 1999; Mast et al., 1998), elevation 

(Améztegui et al., 2010; Coop & Givnish, 2007) and slope (Bai et al., 2004; Coop & 

Givnish, 2007; Mast et al., 1998) can affect the rate and extent of forest expansion. 

These relationships with topography have been attributed primarily to thermal and 

moisture limitations, as increases in woody plant expansion tend to occur in areas that 

experience greater moisture and moderate temperatures within arid and semi-arid 

environments (Naito & Cairns, 2011; Wu & Archer, 2005).  

 Forest expansion and development is limited by the successful establishment of 

regeneration beyond its canopy. The tree seedling and sucker stages are considered 
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the bottleneck stages of development (Coop & Givnish, 2008; Joshi et al., 2020; 

Dunwiddie 1977), as it is when woody species are most sensitive to moisture, 

temperature, fire and browsing (Ducherer et al., 2009; Hogg, 1994; Hogg & Schwarz, 

1997). The insulating effects of woody vegetation on environmental conditions facilitates 

tree-line expansion. Relative humidity is higher in forests compared to clearings due to 

decreased wind velocities and more stable air temperatures, with the greatest change in 

conditions occurring near the forest edge (Kennedy & Sousa, 2006; Williams-Linera, 

1990). The magnitude of change in temperature and moisture can also vary by 

topography, particularly aspect, with insulating edge effects being most pronounced on 

southwest facing aspects and lowest on northeast-facing aspects (Chen et al., 1995). 

Conditions at forest edges are likely to be more favourable to tree establishment and 

development than those in open grassland areas. The distance from the forest edge at  

which high densities of regeneration can successfully establish is likely to affect rates of 

forest expansion (Bergès & Dupouey, 2021; Frenne et al., 2011).  

The process of grassland-forest transition begins with pioneer species establishing in 

grassland areas. The local microclimate starts to change with the growth of woody 

species, producing a nucleating effect and an increase in tree establishment that leads 

to further infilling in the adjacent grassland (Bekker, 2005; Duarte et al., 2006; Gartzia et 

al., 2014; Kennedy & Sousa, 2006). Tree height and cover increase over time until 

grassland areas with sporadic tree cover develop into closed-canopy forest. As more 

regeneration establishes, the forest-grassland boundary gradually advances and interior 

conditions eventually develop at the former edge. Differences between edge and interior 
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conditions can result in different patterns of stand structural development (Cienciala et 

al., 2002). 

In addition to climatic influences, stable tree-lines are sometimes maintained by 

disturbances such as herbivory and fire (Coop & Givnish, 2007; Fairweather et al., 

2008; Mast et al., 1998; Stockdale et al., 2019). In western North America, these natural 

disturbance agents of grassland ecosystems were greatly altered after European 

colonization through the near-extinction of bison and suppression of most fires (Bird, 

1961; Campbell et al., 1994). Fire return intervals increased over the 20th century, 

leading to greater tree cover (Briggs et al., 2002; Mast et al., 1998; Stockdale et al., 

2019). Grazing by wild and domestic ungulates has continued as a disturbance but is 

now influencing vegetation independently of fire on many landscapes. Large grazers 

can either facilitate tree establishment through preferential grazing of grasses and seed 

dispersal, or hinder it through trampling and browsing. Previous studies have reported 

positive (Soulé et al., 2003), neutral (Sankey et al., 2006) and negative (Browning & 

Archer, 2011) effects of grazing on woody plant expansion.   

In the present study, I use a combination of remote sensing and field data to evaluate 

the nature and rate of forest expansion across a mixed forest-grassland landscape in 

western Canada. My specific research questions are: (1) What is the probability of land 

cover change at a given distance from the forest edge? (2) How does the canopy 

structure (height, cover) of newly forested areas compare with that in existing forests 

and adjacent grassland areas? (3) How prevalent is tree regeneration in grassland 

areas at varying distances from the forest edge? (4) How do topographic factors 

influence each of the above? (5) Is regeneration density in grassland areas related to 
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grazer activity? 
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2.2. Methods: 

2.2.1. Study Area 

The western portion of Cypress Hills Interprovincial Park, located in southwestern 

Saskatchewan and southeastern Alberta, Canada (49° 37’ N, 110° 0’ W), encompasses 

a 348 km2 area that straddles the provincial border (Fig. 1). This area ranges from 

1109-1467 m in elevation, rising an average of 250 m above surrounding agricultural 

and range lands. Average annual temperature and precipitation are 3.3 °C and 600 mm, 

respectively (Environment and Climate Change Canada, 2021). The warmest month is 

July with an average daily temperature of 15.9 °C. June and July are the months with 

the highest rainfall (103 mm and 60 mm, respectively), and 42% of all precipitation 

comes from snowfall.  

The Cypress Hills landscape is a mosaic of forests and grasslands. Three tree species 

dominate the park’s forest stands: trembling aspen (Populus tremuloides), white spruce 

(Picea glauca), and lodgepole pine (Pinus contorta). Trembling aspen and white spruce 

stands occupy the valleys and lower slopes, and lodgepole pine stands are found at 

higher elevations. The two main grassland types are rough fescue-dominated 

grasslands on upper plateaus, and western porcupine grass/wheatgrass-dominated 

grasslands on slopes and at lower elevations (Harris 1985, Sauchyn 1990). The oldest 

forest stands originated from fires in 1885 and 1889, which were the last major fires in 

the park. Bison were extirpated from the landscape in the early 1880s, and elk and 

moose introduced in the 1930s and 1940s (Cypress Hills Provincial Park, 2011). 
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Permitted grazing by domestic cattle began in 1918 and four different stock associations 

(one in Saskatchewan and three in Alberta) presently receive grazing permits.  
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Figure 1. Spatial distribution of land type cover and data coverage within the Cypress Hills Interprovincial Park.
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2.2.2. Data collection and processing 

2.2.2.1 Aerial photographs 

I used historical (1976-79, 1991-98) and contemporary (2018) aerial photographs to 

quantify land cover change across the study area. The number, resolution, and year of 

acquisition of aerial photo data varied between the two provinces (Table 1). I 

geoprocessed these photos in ArcGIS 10.8 (ESRI, Redlands, CA) to align images from 

each year and then combined them into a continuous orthomosaic. Next, I manually 

classified areas representing forest, grassland, and water cover types from each 

orthomosaic (Fig. 2). I defined forests as being ≥0.5 ha in size and having ≥50% canopy 

cover. Forest openings >0.5 ha were delineated to evaluate infilling, but smaller forest 

gaps were ignored. For consistency, forest areas that were subjected to harvesting or 

thinning were classified as forest in all images.  

I defined two time intervals for land cover change based on the years of aerial photo 

acquisition: interval 1 represented the period 1976-1998 in Alberta and 1979-1991 in 

Saskatchewan (hereafter referred to as 1970s-90s); interval 2 represented the period 

1998-2018 in Alberta and 1991-2018 in Saskatchewan (referred to as 1990s-2018). I 

refer to areas that were forested at the start of interval 1 as pre-existing forests, and 

areas that were forested at the end of interval 2 as present forests.  

I rasterized the vector-based land classification at a 25-m resolution to match that of the 

digital elevation data available for the study area (Natural Resources Canada, 2015). At 

this scale, there were land cover cells that had a mixture of grassland and forest. Cells 

with ≥50% forest cover were assigned as forested while cells with <50% forest were 
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assigned as grassland. At a 25 m resolution, analysis was less sensitive to 

georeferencing and classification error; and, the rasterized data was more manageable. 

I then subset this raster data before fitting statistical models of forest expansion by (1) 

discarding cells representing pre-existing forest or water, since these would not 

transition to forest cover through forest expansion; (2) discarding cells >2 km from the 

forest edge, since no cells were observed to transition to forest at this distance from 

pre-existing forest; and (3) retaining every eighth horizontal and vertical cell such that 

remaining cells were at least 200 m apart from one another, to better ensure spatial 

independence. We tested the latter assumption by fitting a preliminary binomial GLM, 

with forest cover after interval 1 as the response and distance to present forest, 

elevation, and their two-way interaction as predictor variables. Residuals from this 

model showed very weak autocorrelation at a distance of 200 m (Moran’s I = 0.02). 



23 
 

Table 1. Specifications for aerial photo data used to assess land cover change. 

Acquisition 

Year 
Province 

Number 
of 

Photos 
or Tiles 

Scale* Colour 
Resolution 

(m) 
Georeferencing 

Error** 
Source 

1976 Alberta 77 1:12000 Monochromatic 0.27 2.55 
Alberta Aerial 
Photographic 

Record System 

1998 Alberta 20 1:30000 Monochromatic 0.66 3.28 
Alberta Aerial 
Photographic 

Record System 

2018 Alberta 12 N/A Red, green, blue 0.25 0.00 
Tarin Resource 

Services 

1979 Saskatchewan 4 1:20000 Monochromatic 1.70 6.1 

Saskatchewan 
Ministry of 

Parks, Culture 
& Sport 

1991 Saskatchewan 42 1:21000 Monochromatic 0.87 3.83 

Saskatchewan 
Ministry of 

Parks, Culture 
& Sport 

2018 Saskatchewan 6 N/A Red, green, blue 0.3 0.00 

Saskatchewan 
Ministry of 

Parks, Culture 
& Sport 

 

 

*Scale not applicable for digital imagery 

**Root mean squared error (RMSE) relative to 2018 reference layer 
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Figure 2. Example areas of land cover changes in Cypress Hills Interprovincial Park (A) on the western plateau, (B) in the 
Battle Creek valley, and (C) on the eastern plateau. 



25 
 

2.2.2.2 Airborne laser scanning 

Airborne laser scanning data was collected across approximately 75% of the study area 

in August 2015 (Fig. 1). Laser pulse returns with a point density of 0.5 m-2 were 

acquired using an Optech Aquarius sensor operating at a wavelength of 532 nm. I used 

the lidR package in R (Roussel et al. 2020, 2021) to classify the resulting point cloud 

into ground and non-ground returns, and to normalize the points to represent height 

above ground level. I then overlaid the point cloud with five land cover classes derived 

from the classified aerial imagery: 1) pre-existing forests; 2) areas that became forested 

during interval 1 (1970s-90s); 3) areas that became forested during interval 2 (1990s-

2018); 4) grassland areas within 50 m of the present forest edge; and 5) grassland 

areas that are more than 50 m from the present forest edge. I used a k-means 

clustering algorithm to assign all laser returns into one of 8357 spatial clusters, with the 

number of clusters within each class chosen so that each cluster of points 

encompassed a mean area of 1 ha (n = 3219, 353, 179, 1242, and 3364 for the five 

classes defined above, respectively). I then decimated the points to a uniform spatial 

density and computed the 95th percentile of non-ground return height (hereafter, upper 

canopy height), and the proportion of returns with height ≥2 m (hereafter, canopy cover) 

for each cluster across the study area.  

2.2.2.3 Regeneration and scat transects 

I measured tree regeneration density and grazing intensity outwards from the present 

forest edge in the summer of 2020. I selected 90 sites across the study area with 

balanced representation across topographic conditions and forest types (Fig. 1), and 

established one to three belt transects at each site. Belt transects were 50 m in length, 
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4 m in width, originated at the present forest edge, and ran perpendicular to the forest 

edge into grassland (where forest was defined as having canopy cover ≥50% and 

canopy height ≥10 m). The number of small trees (diameter at breast height <2.5 cm) of 

each tree species were counted in each of 10 contiguous 4 m x 5 m sections along the 

length of each transect. Aspen suckers <0.4 m in height were not counted, as they were 

less visible in tall grass. I counted the total number of cow, elk and deer scats within 0.5 

m of the transect centre line (50 m2 per transect).   

2.2.3. Statistical Analysis 

I developed generalized linear models and generalized linear mixed models to predict 

(1) the 20-year probability of transition from grassland to forest cover in each of my two 

time intervals (1970s-1990s, 1990s-2018); (2) upper canopy height and canopy cover of 

areas that had become forested in time interval 1 and time interval 2, or that were 

presently grasslands within 50 m of a forest edge; and (3) the regeneration densities of 

three species (white spruce, trembling aspen, lodgepole pine) within 50 m of a forest 

edge (Table 2). The models described how these response variables varied with 

distance to the forest edge, grazing activity, and topographic variables (elevation, slope, 

and aspect). In this section I first describe the basic structure of each of the three 

groups of models, then explain how I developed model sets that incorporated different 

topographic predictor variables and grazing, and finally present technical details 

concerning model fitting and model selection. 

For land cover change, I included distance to the forest edge as the main predictor. The 

response variable had a Bernoulli distribution representing whether a location that was 
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grassland at the start of a given time period had become forested by the end of that 

time period (=1) or not (=0). I applied a logit link function so that predictions were 

constrained to the interval between 0 and 1. To account for variation in time period 

lengths (t, years), I re-scaled the predicted 20-year probability of land cover change 

(�̂�20) using the formula �̂�𝑡 = 1 − (1 − �̂�20)
𝑡/20 for the purpose of fitting the model to data. 

I fit separate models for time intervals 1 and 2.  

Base models for upper canopy height and canopy cover contained an intercept only. 

The response variables had a Gaussian distribution that was related to predictors 

through an identity link function. Separate models were fit to forests established during 

interval 1, those established during interval 2, and grassland areas that are presently 

within 50 m of the forest edge. 

Distance to the forest edge was the main predictor in models of regeneration density. I 

included a random intercept and effect of distance for each transect site. The response 

variable, the number of small trees within a 20 m2 area, had a negative binomial 

distribution and was related to the predictors through a log link function. I fit separate 

models for the three tree species: white spruce, trembling aspen and lodgepole pine. 
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Table 2. Summary of model features for each dataset.   

 Aerial photographs Airborne laser scanning Transects 

Response 
variables 

 

1. Raster cell transition to forest 
cover during interval 1 

2. Raster cell transition to forest 
cover during interval 2 

 

1. Upper canopy height of forests from 
interval 1 

2. Upper canopy height of forests from 
interval 2 

3. Upper canopy height in grassland within 
50 m of the forest edge (present) 

4. Canopy cover of forests from interval 1 
5. Canopy cover of forests from interval 2 
6. Canopy cover in grassland within 50 m of 

the forest edge (present 

1. Lodgepole pine 
regeneration 
density 

2. White spruce 
regeneration 
density 

3. Trembling aspen 
regeneration 
density 
 

Base model 
predictors 

Distance to closest forest edge Intercept only 
Distance to forest 

edge 

Additional 
predictors 

Elevation, slope, aspect Elevation, slope, aspect 
Elevation, slope, 
aspect, grazing 

Random 
effects 

None None 
Site-level intercept 
and distance effect 

Response 
distribution 

Bernoulli Gaussian Negative Binomial 

Link function 
Logit, with adjustment for time 

interval length* 
Identity Log 

Sample size 1. 2919; 2. 2686 
1,4: 353; 
2,5: 179; 
3,6: 1242 

1800 
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Each of the base models described above was expanded into a larger model set with 

additional terms representing effects of elevation, slope, and aspect. I created two 

model terms from sine and cosine transformations of aspect (originally measured in 

degrees) to capture how response variables changed with the easterly and northerly 

components of a given slope, respectively. I also included interactions between the 

slope and aspect terms to account for the possibility that aspect has a stronger effect on 

slopes than in flat areas. The possible combinations of elevation, slope, aspect, and a 

slope × aspect interaction yielded a set of models for each response variable (Table 3). 

These terms were added as main effects in all models, and also as interactions with 

distance to the forest edge in the land cover change and regeneration density models. 

The model set for regeneration density was also expanded to include a term for grazing 

intensity, measured as the number of ungulate scats in a 50 m2 area for each transect. 

I used Bayesian methods to fit all models (R package ‘brms’; Bürkner 2018). To aid both 

model fitting and interpretation, I re-scaled continuous predictor variables to have a 

mean close to 0 and standard deviation close to 1 (Table 3). I used a standard normal 

distribution as a weak, regularizing prior for all regression coefficients (except model 

intercepts); all other parameters had non-informative default priors. I estimated posterior 

distributions for all model parameters using three Markov chain Monte Carlo (MCMC) 

chains, each with 2000 post-warm up samples. I confirmed that chains had converged 

based on the Gelman-Rubin convergence diagnostic (�̂�) and effective sample size of 

model parameters.  

I identified and interpreted models that had the broadest support across data sets based 

on the leave-one-out (LOO) cross-validation information criterion (Vehtari 2020), which 
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estimates the difference in expected predictive accuracies of models based on the 

posterior likelihood. I used Bayesian R2
 as a measure of goodness-of-fit for canopy 

height and cover models.  
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Table 3. Formulations for the set of candidate models. Models 1-10 were considered for 
all response variables. Models 11-20, which included effects of grazing, were only 
considered for regeneration density. 

 

 

Model 

 

Formula for linear predictor* 

1 Base model 

2 Base model x (1 + E) 

3 Base model x (1 + S) 

4 Base model x (1 + EA + NA) 

5 Base model x (1 + E + S) 

6 Base model x (1 + E + EA + NA) 

7 Base model x (1 + S + EA + NA) 

8 Base model x (1 + S x EA + S x NA) 

9 Base model x (1 + E + S + EA + NA) 

10 Base model x (1 + E + S x EA + S x NA) 

11 Base model x (1) + G 

12 Base model x (1 + E) + G 

13 Base model x (1 + S) + G 

14 Base model x (1 + EA + NA) + G 

15 Base model x (1 + E + S) + G 

16 Base model x (1 + E + EA + NA) + G 

17 Base model x (1 + S + EA + NA) + G 

18 Base model x (1 + E + S + EA + NA) + G 

19 Base model x (1 + S x EA + S x NA) + G 

20 Base model x (1 + E + S x EA + S x NA) + G 

*E = (elevation-1300)/100;  S= (slope/d);  EA (easterly aspect) = cos(90-aspect);   
 NA (northerly aspect) = sin(90-aspect);  G = (grazing-5)/5  
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2.3. Results: 

Land cover change 

Across the study area, grassland area decreased by 3.7% (548 ha) during the 1970s-

90s time interval, and by another 3.6% (510 ha) during the 1990s-2018 interval. These 

changes correspond to 3.1% and 2.8% increases in forest cover, respectively. Both time 

periods had the same set of five best models (Table 4) for land cover change. The 

model with all effects except a slope × aspect interaction (model 9) performed especially 

well as the best model for interval 2 and second-best model for interval 1, and so I 

retained it for further interpretation (Fig. 4; Table 4; Table A.1). Based on this model, I 

estimate that 3.3% and 2.4% of grassland area was becoming forested every 20 years 

during time interval 1 and 2, respectively. 

Models from both time periods indicate that the probability of transition to forest cover 

declines strongly with distance from the forest edge. The probability of a grassland cell 

transitioning to forest in interval 1 was 10-22% (95% credible interval), 5-11%, and 1-4% 

at distances 25 m, 100 m, 250 m, respectively, in areas with a 1° slope, a 45° aspect 

and 1300 m elevation. For interval 2, the corresponding transition probabilities were 5-

13%, 3-7%, and 1-4%.
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Table 4. Top five models for estimating land cover change in each time interval.    

 

Land cover change models for time interval 1 Land cover change models for time interval 2 

Model ΔLOO 

Standard 

Error Model ΔLOO 

Standard 

Error 

 6)     Base model x (1+E+EA+NA)* 0 0  9)     Base model x (1+E+S+EA+NA) 0 0 

 9)     Base model x (1+E+S+EA+NA) -0.7 2.0  7)     Base model x (1+S+EA+NA) -0.5 1.5 

10)    Base model x (1+E+SxEA+SxNA) -1.0 2.6 10)    Base model x (1+E+SxEA+SxNA) -1.6 0.6 

 7)     Base model x (1+S+EA+NA) -1.3 3.0  8)     Base model x (1+SxEA+SxNA) -1.8 1.5 

 8)     Base model x (1+SxEA+SxNA) -2.0 3.4  6)     Base model x (1+E+EA+NA) -3.8 2.3 

*See Table 3 for symbol definitions; ΔLOO and standard error represents the difference and standard error represents the difference 

and standard error, respectively, in expected log predictive density estimates for a new dataset. 
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Flat areas at lower elevations had the highest probability of becoming forested, whereas 

steep, SW-facing slopes had the lowest. For example, the models estimated that 

grassland cells located 50 m from the forest edge had a 9-20% and 5-11% probability of 

becoming forested in intervals 1 and 2, respectively, on NE-facing 1° slopes at 1250 m 

elevation. By contrast, the respective transition probabilities were only 2-5% and 1-4% 

for a SW-facing 10° slope at 1400 m elevation. Transition probabilities dropped more 

quickly with increasing distance from the forest edge on steeper slopes (Fig 3C). 

Topographic effects were similar in the two time periods, although elevation had a 

somewhat more pronounced effect in interval 1 compared to interval 2 (Fig 3A, B). The 

spatial representation of the model results for each time interval illustrates the decrease 

in probability of grassland transitioning to forest cover with increasing distance from the 

existing forest boundaries (Fig 4.)
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Figure 3. Changes in the 20-year probability of land cover change with increasing 
distance from the forest edge at different elevations (A,B), slopes (C,D) and aspects 
(E,F). Panels show the estimated probability of a cell transitioning from grassland to 
forest in time interval 1 (A, C, E) and time interval 2 (B, D, F). Lines and shaded regions 
represent the mean and 95% credible interval, respectively, of posterior estimates.  



36 
 

 

Figure 4. Map of 20-year probability of grassland cells transitioning to forest in A) time 
interval 1 B) time interval 2. 
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Figure 5. Example areas of forest transition probability for interval 1 (A,C, E) and 
interval 2 (B, D, F). Panels represent the same areas as Fig. 2: (A) and (B) on the 
western plateau, (C) and (D) in the Battle Creek Valley, (E) and (F) on the eastern 
plateau.  
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Canopy height and cover 

There was only a 1 m difference between the upper canopy height of forest areas that 

established from the 1970s-90s (mean ± s.d. = 13 ± 2 m) and those that established 

from the 1990s-2018 (12 ± 3 m) (Fig. 6A). The canopy height of these expanded forest 

areas were both lower than that of pre-existing forests (18 ± 3 m). Canopy height in 

grassland areas within 50 m of the present forest edge was highly variable (9 ± 6 m), 

nearly spanning the range from present forests to open grasslands. Grasslands more 

than 50 m from the present forest edge had a mean canopy height of just 0.5 m (± 2 m).  

Areas that became forested in each interval had similar levels of canopy cover (39 ± 

10% in interval 1; 40 ± 12% in interval 2), and were more open than pre-existing forests 

(canopy cover 50 ± 9%) (Fig 6B). As expected, grasslands directly adjacent to the forest 

edge had lower but still appreciable canopy cover (20 ± 16%), whereas grasslands 

more than 50 m from the forest edge had virtually no canopy (1 ± 4%). 
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Figure 6. Distribution of upper canopy height (left) and canopy cover (right) across spatial clusters averaging 1 ha in size 
of different land cover classes.  Lower and upper bounds of the box represent the 25% and75% quantile, respectively. 
Upper and lower whiskers extend to the largest and smallest values, respectively, but no more than 1.5 times the inter-
quartile range. The central line represents the median value.
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Figure 7. Observed upper canopy height (95th percentile) and canopy cover of ~1-ha areas by land cover category in 
relation to aspect, slope and elevation.  Error bars represent standard error.
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Relationships of canopy height and cover to topographic variables varied between the 

different forest and grassland classes (Fig. 7; Table 5; Table A.2). Elevation, slope, and 

aspect were each represented in the top-performing model for some (but not all) of the 

response variables. The models explained almost half the variation in forests 

established between the 1970s-90s but relatively less variation was explained for the 

other two categories (R2 = 0.03 – 0.47), and only a few consistent patterns emerged. 

Areas into which forests had expanded in the 1970s-90s period were predicted to be 

less tall and have lower cover on steep slopes than in flat areas (12-13 m and 36-39% 

on a 10° slope vs. 13-15 m and 39-42% on a 1° slope). Newer forests that established 

in the 1990s-2018 period were predicted to be taller and have greater canopy cover at 

lower elevations than higher ones (12-13 m and 42-48% at 1250 m vs. 9-11 m and 29-

37% at 1450 m), and also had somewhat higher canopy cover on NE-facing slopes. 

Grassland areas within 50 m of the forest edge were predicted to be both taller and 

have greater canopy cover on steep, NE-facing slopes (10-12 m and 22-27% on a 10° 

NE slope vs. 7-9 m and 15-20% on a 2° SW slope). Canopy cover in these grassland 

areas was also predicted to be slightly higher at lower elevations. 
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Table 5. Top five models selection for estimating upper canopy height and canopy cover 
for each of the three land cover classes. No single model emerged as the best fit for all 
categories so the top performing model in each category was selected for interpretation.  

Forests established in time interval 1 (1970s-1990s) 

HEIGHT COVER 

Model* ΔLOO SE 
Bayesian 

R2 Model ΔLOO SE 
Bayesian 

R2 

3) Base model x (1+S) 0.0 0.0 0.47 3) Base model x (1+S) 0.0 0.0 0.27 
5) Base model x  
      (1+E+S) 

-1.4 0.3 0.49 
7) Base model x  
     (1+S+EA+NA) 

-0.2 1.8 0.41 

8) Base model x  
     (1+SxEA+SxNA) 

-1.7 2.0 0.68 
5) Base model x 
      (1+E+S) 

-1.0 0.8 0.31 

7) Base model x  
     (1+S+EA+NA) 

-1.7 0.5 0.53 
9) Base model x  
     (1+E+S+EA+NA) 

-1.1 2.2 0.46 

9) Base model x  
     (1+E+S+EA+NA) 

-3.2 0.7 0.55 
8) Base model x  
     (1+SxEA+SxNA) 

-1.9 2.1 0.49 

 
Forests established in time interval 2 (1990s-2018) 

HEIGHT COVER 

Model ΔLOO SE 
Bayesian 

R2 Model ΔLOO SE 
Bayesian 

R2 

2) Base model x (1+E) 0.0 0.0 0.13 
6) Base model x 
      (1+E+EA+NA) 

0.0 0.0 0.20 

5) Base model x  
       (1+E+S) 

-1.0 0.3 0.13 
9) Base model x  
      (1+E+S+EA+NA) 

-0.8 0.3 0.21 

6) Base model x 
       (1+E+EA+NA) 

-1.7 0.9 0.14 
10) Base model x 
       (1+E+SxEA+SxNA) 

-0.9 1.9 0.23 

9) Base model x  
       (1+E+S+EA+NA) 

-2.8 0.9 0.14 2) Base model x (1+E) -1.5 2.6 0.17 

10) Base model x 
       (1+E+SxEA+SxNA) 

-3.4 1.8 0.16 
5) Base model x  
       (1+E+S) 

-2.4 2.6 0.17 

 
Grasslands within 50 m of the forest edge 

HEIGHT COVER 

Model ΔLOO SE 
Bayesian 

R2 Model ΔLOO SE 
Bayesian 

R2 

8) Base model x  
     (1+SxEA+SxNA) 

0.0 0.0 0.03 
10) Base model x 
       (1+E+SxEA+SxNA) 

0.0 0.0 0.04 

10) Base model x 
       (1+E+SxEA+SxNA) 

-0.8 0.3 0.03 
8) Base model x  
     (1+SxEA+SxNA) 

-0.6 1.8 0.03 

7) Base model x  
     (1+S+EA+NA) 

-1.1 2.5 0.02 
9) Base model x  
      (1+E+S+EA+NA) 

-3.6 3.1 0.03 

9) Base model x  
      (1+E+S+EA+NA) 

-2.0 2.5 0.02 
7) Base model x  
     (1+S+EA+NA) 

-4.5 3.6 0.02 

3) Base model x (1+S) -3.9 4.2 0.01 
5) Base model x 
      (1+E+S) 

-6.9 4.8 0.02 

*See Table 3 for symbol definitions; and Table 4 for ΔLOO and standard error (SE) 
definitions. Bayesian R2 measures the goodness-of-fit for each model. 
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Regeneration establishment 

I recorded average regeneration densities of 132 stems/ha for white spruce, 1 803 

stems/ha for trembling aspen, and 101 stems/ha for lodgepole pine in grasslands within 

50 m of the forest edge. The highest regeneration densities occurred next to the forest 

edge, with only 32% of all seedlings and suckers located further than 15 m into the 

grassland. The top-ranked model of regeneration density for each species included 

effects of elevation, slope, and aspect. While there was some variation in model 

preference between species, I retained model 9 (which omitted grazing and a slope × 

aspect interaction) for interpretation as its LOO values were within one standard error of 

the best model for each species (Table 6). 

The density of regeneration decreased with distance from the forest edge for all three 

species, but especially white spruce and trembling aspen (Fig. 8). At a distance of 25 m, 

the predicted densities of white spruce, trembling aspen, and lodgepole pine were, on 

average, 6%, 3%, and 47% of their respective densities 5 m from the forest edge. With 

the exception of lodgepole pine, the majority of transects (76% of 180 transects for 

white spruce, 91% for trembling aspen, 34% for lodgepole pine) had predicted 

regeneration densities at 25 m that were less than 20% of the densities estimated at a 5 

m distance. Models predicted little regeneration 50 m into the grassland (<5% of the 

regeneration density at 5 m in 58%, 90%, and 11% of sites for white spruce, trembling 

aspen, and lodgepole pine, respectively).  
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Table 6.  Top five models for estimating white spruce, trembling aspen, and lodgepole pine regeneration density.   

 

 

White Spruce Trembling Aspen Lodgepole Pine 

Model ΔLOO SE Model ΔLOO SE Model ΔLOO SE 

10) Base model x 
       (1+E+SxEA+SxNA) 

0.0 0.0 
9)  Base model x 
        (1+E+S+EA+NA) 

0.0 0.0 
16) Base model x 
         (1+E+EA+NA)+G 

0.0 0.0 

18) Base model x 
        (1+E+S+EA+NA)+G 

0.0 1.5 
10) Base model x 
        (1+E+SxEA+SxNA) 

-0.1 1.0 
18) Base model x 
         (1+E+S+EA+NA)+G 

0.0 0.9 

9)   Base model x 
        (1+E+S+EA+NA) 

-0.3 1.4 
15) Base model x 
        (1+E+S)+G 

-0.6 1.0 
6)   Base model x 
         (1+E+EA+NA) 

-0.3 1.3 

20) Base model x 
        (1+E+SxEA+SxNA)+G 

-0.4 0.9 
16) Base model x 
        (1+E+EA+NA)+G 

-0.6 1.5 
9)   Base model x 
         (1+E+S+EA+NA) 

-1.0 1.6 

8)   Base model x 
        (1+SxEA+SxNA) 

-1.6 1.9 
20) Base model x 
        (1+E+SxEA+SxNA)+G 

-0.7 1.3 
15) Base model x 
         (1+E+S)+G 

-1.0 2.8 

*See Table 3 for symbol definitions; ΔLOO and standard error represents the difference and standard error represents the difference 
and standard error, respectively, in expected log predictive density estimates for a new dataset. 
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Figure 8. Effect of distance on all regeneration abundance for individual transects on a log scale.
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Species-specific regeneration patterns generally followed the topographic distribution 

for each tree species (Fig. 9, 10). White spruce regeneration was highest at low 

elevations and on steeper slopes with east and north aspects. Trembling aspen 

regeneration was highest at low elevations, but did not vary much with slope or aspect. 

Lodgepole pine regeneration was greatest at high elevations and on southerly aspects. 

The models tested whether topography influenced how far regeneration extended from 

the forest edge into grasslands. No such topographic effects were found for lodgepole 

pine or trembling aspen (Fig. 10). There was some indication that white spruce 

regeneration did not drop off as strongly with distance from the edge at higher 

elevations and southerly aspects, but the predicted density of regeneration 25-50 m 

from the edge and was still negligible.  
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Figure 9. Mean regeneration density from field transects of white spruce (A-C), 
trembling aspen (D-F), and lodgepole pine (G-I) in relation to elevation, slope and 
aspect.  
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Figure 10. Topographic influence on regeneration density at 5 m, 25 m, and 50 m from 
the forest edge for white spruce (A-C), trembling aspen (D-F), and lodgepole pine (G-I). 
Lines represent the posterior estimates and shaded areas around the lines represent 
the 95% credible interval. Panels where lines are not parallel to one another indicate 
that the effect of distance from the forest edge varies topographically (A, C). Note that 
the y-axis is on a logarithmic scale and ranges differ between panels. 
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Based on the density of scat, cattle were the dominant grazer in grassland areas within 

50 m of the forest edge (1335 scats/ha; 76% of total scat). Wild ungulates active in 

these areas included deer (381 scats/ha, 22%) and elk (32 scats/ha, 2%). Signs of 

ungulate activity were observed throughout the study area, with some evidence of 

greater activity at lower elevations (Fig. 11). Regeneration models that included and 

excluded effects of grazing were both found among the top-ranked models for each tree 

species, with relatively little difference in expected predictive ability between them 

(ΔLOO = 0.0 - 0.6 for all species; Table 6). Apparent relationships between regeneration 

density and scat abundance (Fig. 12) were largely explained by topographic variables, 

according to the model selection results. Thus, my results do not provide strong 

evidence for either positive or negative effects of grazing on tree regeneration in 

grassland areas (Fig 12).   
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Figure 11. Variation in activity of cattle and other ungulates, as measured by scat density, by elevation, slope, and aspect.  

 



Larissa Robinov 

51 
 

 

Figure 12. Relationships between tree regeneration density in grassland areas within 50 
m of the forest edge and grazing intensity.  
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2.4. Discussion 

2.4.1. Forest expansion and growth 

Forest expansion has increased globally in recent decades (Archer, 2001), causing 

concern about the ecosystems into which trees are expanding and potential impacts on 

ecosystem services and functions. Forests in my study area were estimated to expand 

by 2.8% and 1.9% over 20 years (approximately 0.12% per year), for time interval 1 and 

2, respectively. This estimate of forest expansion is at the low end of woody plant 

expansion rates reported for North America (<0.1-2.3% per year) and for Africa, 

Australia and South America (0.1-1.1%) (Barger et al., 2011, Stevens et al., 2017). It is 

important to note that my estimates do not include shrubs or isolated trees. I estimated 

3.4% and 2.5% loss of grassland to forest cover in my study area (approximately 0.15% 

per year), for time interval 1 and 2, respectively. Other studies in western North America 

have calculated rates of grassland loss to forest expansion approximately 2-6 times 

higher than I found in the Cypress Hills. For example, a study in the southern Rocky 

Mountains of Alberta saw a net loss in grassland area of 25% over 99 years (~0.25% 

per year). In the southwestern United States, Coop and Givnish (2007) estimated a net 

loss of grassland of 18% over 61 years (~0.3% per year) and Mast et al. (1997) saw a 

decrease in grassland of 14% over 23 years (~0.6% per year). In British Columbia, 

Canada, Bai et al. (2004) saw a 30% loss of rangelands over 30 years (1% per year).   

An earlier study on the Alberta plateau of Cypress Hills found that tree cover expanded 

by approximately ~1% per year between 1950-2002 (Widenmaier and Strong 2010). 

Their study area had a lower initial forested area of 19% compared to 54% forest cover 
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in my study area. Because the rate of forest expansion is relative to the original area of 

forest this could explain some of the difference in our findings. There are a few other 

distinctions between our two studies. Widenmaier and Strong (2010) considered areas 

with 30% canopy coverage to be forest compared to my 50% canopy cover threshold 

and there was an emphasis on individual trees and forest patches in their analysis while 

my methodology omitted forest patches <0.5 ha. Their study period also spanned an 

earlier time period when there may have been a larger increase in trees. 

Forest expansion decelerated in more recent years, from 2.8% during the 1970s-90s 

period to 1.9% from the 1990s-2018. This is likely part of a fluctuating pattern of 

expansion rates which has been observed in long-term studies in the United States 

(Browning et al., 2008; McClaran, 2003). The rate of forest expansion may continue to 

decrease or may increase but the fact that the rate did not increase substantially in the 

second interval indicates that there is no expectation of dramatic land cover change in 

the coming years. Stevens et al. (2017) showed that, in Africa, studies looking at recent 

expansion found faster rates of woody plant expansion compared to studies that 

examined rates of expansion from earlier decades. Some studies have attributed the 

increasing rate of expansion in the second half of the 20th century to the increasing 

concentrations of atmospheric CO2 (Bond & Midgley, 2000; Buitenwerf et al., 2012). 

The decreased rate of expansion observed this study area however does not follow that 

pattern.  

Mean forest canopy height of 20 year old (established in interval 2) and 40 year old 

forests (established in interval 1) only differed by about 1 m while both were about 5.5 

meters shorter than older forests (pre-existing forest) (Fig 6.). Pre-existing forest 
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canopies in my study had approximately 10% more cover than the newer forests 

compared to a 1% difference between the newer forests established in the 1st and 2nd 

time interval. The similarity between 20-year-old and 40-year-old forests was somewhat 

unexpected. There are a couple possible explanations for the lack of distinction 

between these two young forest classes. First, areas adjacent to the grasslands 

indicated scattered adult trees of appreciable size. As trees fill in and the forest canopy 

develops, it is likely that the upper canopy height is still determined by the older trees 

that first established in the grassland. Even as the younger trees in the new forest areas 

continue to grow into the canopy, the overall increase in upper canopy height between 

the two newer forest classes is minimal. Second, edge conditions, which foster a less 

protected environment, may not promote tree growth equivalent to interior forest 

conditions (Chen et al., 1995). Increased light availability along the edge may reduce 

the need to allocate energy towards vertical growth compared to interior forest where 

access to light may be limited by taller neighbors. A third explanation is succession. 

White spruce remains in the understory until a disturbance allows the species to take 

advantage of resources, for example, through canopy gap formation. Over time, white 

spruce may begin to establish co-dominance in the upper canopy and eventually grow 

up to 30 m tall (Nienstaedt & Zasada, 1990). Younger forests near the grassland edge 

would likely be dominated by trembling aspen or lodgepole pine, with white spruce not 

yet having reached the canopy or approached maximum height which may explain the 

similarity in forest structure of the two younger classes. The upper canopy height profile 

may not change dramatically until after white spruce can emerge above the surrounding 

canopy, a process that takes much longer than 40 years (Gutsell & Johnson, 2002).  
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2.4.2. Spatial patterns and topographic variation  

Most forest expansion in my study area occurred within 25-50 m of the forest edge. 

Regeneration patterns also indicated similar spatial constraints to the forest edge with 

only 32% of all regeneration located further than 15 m into the grasslands. The strong 

effect of distance from the forest edge is likely the result of dispersal limitations and the 

facilitative effects of neighboring adult trees (Duarte, 2006; Kennedy & Sousa, 2006). 

The increased moisture, more stable air temperatures and decreased winds near the 

forest edge may be better suited to regeneration success than open grassland 

conditions (Carlson, 1997; Chen et al., 1995; Williams-Linera, 1990). Many grassland 

areas up to 50 m from the forest edge had appreciable tree cover (Fig. 6), which 

suggests that the process of forest expansion starts with sporadic tree establishment 

that, through the process of infilling, eventually reaches the 50% cover threshold I used 

to define forested land. Lodgepole pine and trembling aspen which are shade intolerant, 

pioneer species may rely less on the facilitative effects of the forest edge. Of the three 

species in my study, lodgepole pine showed the weakest relationship with distance to 

the forest edge with regeneration densities at 25 m estimated to be nearly half those at 

5 m (compared to 6% and 3% for white spruce and trembling aspen, respectively). 

However, even though trembling aspen densities decrease more rapidly, the 

proliferation of trembling aspen suckers meant that there were either more or similar 

trembling aspen regeneration densities as lodgepole pine at 25 m from a forest edge. 

Once established these isolated pine trees and aspen colonies may have a nucleating 

effect, supporting further successful regeneration of more pine and aspen, and likely 

white spruce over time (Halpern et al. 2010). While seedlings do not facilitate the 
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establishment of other seedlings, the presence of a large tree have been shown to 

increase regeneration establishment away from the forest edge (Bekker, 2005; Duarte 

et al., 2006; Kennedy & Sousa, 2006). Those isolated trees in the grassland adjacent to 

the forest edge will also produce seed and suckers that contribute to the process of 

infilling and the eventual formation of a closed forest canopy. While dispersal from 

isolated trees in the grassland could lead to tree establishment even further from the 

forest edge, the slow rate of forest expansion observed over the last 40 years, and the 

low canopy height and virtual absence of tree cover in open grasslands (0.5 m ± 2 m 

and 1% ± 4%) suggests that successful tree establishment more than 50 m from a 

forest edge is not common.   

I observed higher probabilities of forest expansion on northeast facing slopes, flat 

terrain and at lower elevations. Flatter slopes and lower elevation were also correlated 

with taller forest canopies and greater canopy cover for newly established forests, but 

topographic features did not have much effect on how far regeneration extended into 

grasslands. Topographic patterns in species regeneration followed the landscape-level 

distribution of forest types across the study area. While moisture availability at lower 

elevations may be a factor, the most likely explanation, for topographic variation in 

forest expansion, is related to species composition and species-specific regeneration 

mechanisms. For example, trembling aspen, which occupied lower elevations and 

shallower slopes, propagates vegetatively (via root suckers) producing regeneration 

densities that are an order of magnitude higher than the other species within 50 m of the 

forest edge. Lodgepole pine, which reproduces by seed, had the lowest regeneration 

density and dominates at upper elevations, where less expansion was observed. White 
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spruce, which also reproduces by seed, had a similar overall regeneration density to 

lodgepole pine, but it is less likely to survive in open grasslands (Hogg & Schwarz, 

1997; Man & Lieffers, 1997). White spruce may regenerate better after pioneer species 

have established in the open, as the presence of other species has been shown to 

reduce its climatic sensitivity (Chhin & Wang, 2002, 2016).   

2.4.3. Grazing  

No clear relationship between regeneration abundance and grazing intensity 

emerged in my results. Cattle do not eat many young trees as part of their diet (Plumb & 

Dodd, 1993) and trampling-related mortality may be possible (Bork et al., 2013) but not 

to the extent where an effect on regeneration density was observed. It is possible that 

competition from grasses has only minor effects on seedlings and suckers so any 

beneficial effect from cattle is small. Similarly, Sankey et al. (2006) and Fensham et al. 

(2005) found no overall trend of grazing effects on tree establishment, and Barnett and 

Stohlgren (2001) found that greater densities of elk did not decrease aspen 

regeneration. An earlier study conducted on a portion of my study area also concluded 

that grazing did not substantially contribute to forest encroachment, despite a long-term 

negative correlation with tree establishment (Widenmayer and Strong 2010). However, 

other studies have found effects of grazing on ecotone shifts (Dunwiddie, 1977; Naito & 

Cairns, 2011; Stevens et al., 2017; Williams-Linera, 1990). 

There are several challenges to investigating long-term impacts of grazing on 

tree regeneration. Clear historical records on grazing management practices are often 

not available (Browning & Archer, 2011; Madany & West, 1983), and even when they 
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are it can be difficult to separate grazing from other sources of environmental change 

(Améztegui et al., 2010; Mast et al., 1997, 1998). By looking at the direct connection of 

grazing presence and regeneration densities in the short term, it eliminated the need to 

disentangle results from other potential factors affecting the process. This methodology 

provides only a snapshot of the process but it is another approach to addressing the 

question that could have revealed more localized effects if they were present.   

2.4.4. Conclusion  

This research provides a quantitative overview on forest expansion in the Cypress Hills. 

I estimated that rates of forest expansion were slower in the 1990s-2018 (1.9% every 20 

years) interval compared to the 1970s-1990s (2.8% every 20 years) and that, overall, 

the rate of forest expansion estimated (0.12% per year) was on the low end of woody 

plant expansion rates calculated for North and South America, Africa, and Australia 

(Barger et al., 2011, Stevens et al., 2017). Forest regeneration density decreased 

dramatically at distances greater than 15 m from the forest edge, and most changes in 

land cover over a twenty year period occurred 25-50 m from an established forest edge. 

Upper canopy height and canopy cover of 20-year-old and 40-year-old forests were 

similar to one another, but neither class of newly forested areas achieved structural 

stature similar to pre-existing forests. Overall, forest expansion occurred through slow, 

sporadic establishment of trees in grasslands adjacent to the forest edge that filled over 

time to establish new forest areas. This research contributes to a better understanding 

of the rates and patterns of forest expansion worldwide.  
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Chapter 3. Conclusion 

Studies such as this provide quantitative information on the spatial extent of forest 

expansion and development of forest structure. This research found slower rates of 

forest expansion than were perhaps expected and would indicate that the need for 

management to mitigate this process is not high. These results are valuable to the 

management of Cypress Hills Interprovincial Park, where rates of grassland loss had 

not previously been estimated for the eastern Saskatchewan portion. Although forest 

expansion rates have previously been reported for the Alberta plateau (Widenmaier & 

Strong, 2010), I identified meaningful differences in forest expansion processes across 

a broader elevation gradient. Additionally, this study provides spatial information (Fig. 4) 

on rates of land cover change that can be used in management operations.  

Land cover change is one of many management concerns for the park. Given the 

relatively slow rate of forest expansion that occurred primarily within 25-50 m from a 

forest edge over a twenty year period, it may be more prudent to focus management 

efforts on the other ecological issues identified in the park’s 2021 ecosystem-based 

management plan such as invasive species proliferation, biodiversity loss of flora and 

fauna, and the increased frequency and intensity of insect, disease and wildfire 

outbreak (Saskatchewan Ministry of Parks, Culture and Sports, 2021). While there is no 

immediate need for management action on forest expansion, it is possible to use the 

spatial information on forest expansion in conjunction with other spatial information in 

order to address multiple management objects. The power of spatial data is the ability to 

identify high priority zones for a given risk and to overlay results from multiple studies to 
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identify areas with compounding ecological concerns. The need for efficient resource 

allocation in the time of climate change has become imperative and one adaptive 

strategy is to identify areas where results of management efforts are maximized. If other 

spatial information on shrub expansion, invasive flora, or habitat use by at risk species 

is known, there may be an opportunity to employ one management strategy that would 

address multiple goals. 

A specific management action that would assist with restoring a more dynamic forest-

grassland boundary would be the reintroduction of fire to the landscape. Fire is known 

to kill forest regeneration along the ecotone (Ducherer et al., 2009). The park 

ecosystem evolved with fire as a natural disturbance and, while fire suppression was 

previously a strong priority in the Cypress Hills, there is now greater interest in restoring 

historic fire regimes through prescribed fire treatments (Saskatchewan Ministry of 

Parks, Culture and Sports, 2021). Fire, coupled with grazing, helps maintain grassland 

biodiversity through a shifting mosaic framework (Fuhlendorf et al., 2009; Wilcox et al., 

2018), and may reduce non-native grasses such as brome (Davies et al., 2009). My 

research indicated that continuous cattle grazing in the park is not an effective strategy 

for killing encroaching tree regeneration. The role of grazers in reducing fire fuel loads 

may be a different area of important research (Briggs et al., 2002) as the park revisits 

fire as a management tool. More research on successful management strategies is 

needed to produce robust recommendations. For example, understanding how the 

timing, frequency and intensity of a fire affect vegetation regeneration (woody vs 

herbaceous, perennial vs annual, and invasive vs native) are important considerations 

when planning a prescriptive burn. 
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Climate change is affecting ecosystems at an accelerated pace and the need for 

ecological triage is becoming more important for park managers (Shuurman 2020). It is 

valuable to compile and analyze historical and current ecosystem conditions to provide 

reference information for management or restoration targets, and inform adaptive 

strategies. My research should help park managers evaluate the process of forest 

expansion in the Cypress Hills and inform prioritization of ecosystem management 

within the park. 



 

62 
 

References 

Améztegui, A., Brotons, L., & Coll, L. (2010). Land-use changes as major drivers of mountain 

pine (Pinus uncinata Ram.) expansion in the Pyrenees. Global Ecology and 

Biogeography, 19(5), 632–641. https://doi.org/10.1111/j.1466-8238.2010.00550.x 

Archer, Andersen, E. M., Predick, K. I., Schwinning, S., Steidl, R. J., & Woods, S. R. (2017). 

Woody Plant Encroachment: Causes and Consequences. In D. D. Briske (Ed.), 

Rangeland Systems: Processes, Management and Challenges (pp. 25–84). Springer 

International Publishing. https://doi.org/10.1007/978-3-319-46709-2_2 

Archer, S. (1994). Woody plant encroachment into southwestern grasslands and savannas: 

Rates, patterns and proximate causes. Woody Plant Encroachment into Southwestern 

Grasslands and Savannas: Rates, Patterns and Proximate Causes., 13–68. 

Bai, Y., Broersma, K., Thompson, D., & Ross, T. J. (2004). Landscape-level dynamics of 

grassland-forest transitions in British Columbia. Rangeland Ecology and Management, 

57(1), 66–75. https://doi.org/10.2111/1551-5028(2004)057[0066:LDOGTI]2.0.CO;2 

Bałazy, R., Kamińska, A., Ciesielski, M., Socha, J., & Pierzchalski, M. (2019). Modeling the 

Effect of Environmental and Topographic Variables Affecting the Height Increment of 

Norway Spruce Stands in Mountainous Conditions with the Use of LiDAR Data. Remote 

Sensing, 11(20), 2407. https://doi.org/10.3390/rs11202407 

Barger, N. N., Archer, S. R., Campbell, J. L., Huang, C., Morton, J. A., & Knapp, A. K. (2011). 

Woody plant proliferation in North American drylands: A synthesis of impacts on 

ecosystem carbon balance. Journal of Geophysical Research: Biogeosciences, 116(G4). 

https://doi.org/10.1029/2010JG001506 

Bekker, M. F. (2005). Positive Feedback Between Tree Establishment and Patterns of 

Subalpine Forest Advancement, Glacier National Park, Montana, U.S.A. Arctic, 



 

63 
 

Antarctic, and Alpine Research, 37(1), 97–107. https://doi.org/10.1657/1523-

0430(2005)037[0097:PFBTEA]2.0.CO;2 

Belsky, A. J., Amundson, R. G., Duxbury, J. M., Riha, S. J., Ali, A. R., & Mwonga, S. M. (1989). 

The Effects of Trees on Their Physical, Chemical and Biological Environments in a 

Semi-Arid Savanna in Kenya. Journal of Applied Ecology, 26(3), 1005–1024. JSTOR. 

https://doi.org/10.2307/2403708 

Bergès, L., & Dupouey, J.-L. (2021). Historical ecology and ancient forests: Progress, 

conservation issues and scientific prospects, with some examples from the French case. 

Journal of Vegetation Science, 32(1), e12846. https://doi.org/10.1111/jvs.12846 

Bird, R. D. (1961). Ecology of the Aspen parkland of Western Canada in relation to land use. 

Public Department of Agriculture Canada, 1066, 5–155. 

Bond, W. J., & Midgley, G. F. (2000). A proposed CO2-controlled mechanism of woody plant 

invasion in grasslands and savannas. Global Change Biology, 6(8), 865–869. 

https://doi.org/10.1046/j.1365-2486.2000.00365.x 

Bork, E. W., Carlyle, C. N., Cahill, J. F., Haddow, R. E., & Hudson, R. J. (2013). Disentangling 

herbivore impacts on Populus tremuloides: A comparison of native ungulates and cattle 

in Canada’s Aspen Parkland. Oecologia, 173(3), 895–904. 

https://doi.org/10.1007/s00442-013-2676-x 

Briggs, J. M., Hoch, G. A., & Johnson, L. C. (2002). Assessing the Rate, Mechanisms, and 

Consequences of the Conversion of Tallgrass Prairie to Juniperus virginiana Forest. 

Ecosystems, 5(6), 578–586. https://doi.org/10.1007/s10021-002-0187-4 

Browning, D. M., & Archer, S. R. (2011). Protection from livestock fails to deter shrub 

proliferation in a desert landscape with a history of heavy grazing. Ecological 

Applications, 21(5), 1629–1642. https://doi.org/10.1890/10-0542.1 



 

64 
 

Browning, D. M., Archer, S. R., Asner, G. P., McClaran, M. P., & Wessman, C. A. (2008). 

Woody Plants in Grasslands: Post-Encroachment Stand Dynamics. Ecological 

Applications, 18(4), 928–944. https://doi.org/10.1890/07-1559.1 

Buitenwerf, R., Bond, W. J., Stevens, N., & Trollope, W. S. W. (2012). Increased tree densities 

in South African savannas: >50 years of data suggests CO2 as a driver. Global Change 

Biology, 18(2), 675–684. https://doi.org/10.1111/j.1365-2486.2011.02561.x 

Bürkner P (2018). “Advanced Bayesian Multilevel Modeling with the R Package brms.” The R  

Journal, 10(1), 395–411. doi: 10.32614/RJ-2018-017. 

Cairns, D. M., & Moen, J. (2004). Herbivory influences tree lines. Journal of Ecology, 92(6), 

1019–1024. https://doi.org/10.1111/j.1365-2745.2004.00945.x 

Campbell, C., Campbell, I. D., Blyth, C. B., & McAndrews, J. H. (1994). Bison Extirpation May 

Have Caused Aspen Expansion in Western Canada. Ecography, 17(4), 360–362. 

Carlson, D. (1997). Microclimate of clear-cut, forest interior, and small openings in trembling 

aspen forest. Agricultural and Forest Meteorology, 87(4), 313–329. 

https://doi.org/10.1016/S0168-1923(95)02305-4 

Carlson, D. W., & Groot, A. (1997). Microclimate of clear-cut, forest interior, and small openings 

in trembling aspen forest. Agricultural and Forest Meteorology, 87(4), 313–329. 

https://doi.org/10.1016/S0168-1923(95)02305-4 

Chen, J., Franklin, J. F., & Spies, T. A. (1995a). Growing-Season Microclimatic Gradients from 

Clearcut Edges into Old-Growth Douglas-Fir Forests. Ecological Applications, 5(1), 74–

86. https://doi.org/10.2307/1942053 

Chen, J., Franklin, J. F., & Spies, T. A. (1995b). Growing-Season Microclimatic Gradients from 

Clearcut Edges into Old-Growth Douglas-Fir Forests. Ecological Applications, 5(1), 74–

86. https://doi.org/10.2307/1942053 

https://doi.org/10.32614/RJ-2018-017


 

65 
 

Chhin, S., & Wang, G. G. (2002). Spatial and temporal pattern of white spruce regeneration 

within mixed-grass prairie in the Spruce Woods Provincial Park of Manitoba. Journal of 

Biogeography, 29(7), 903–912. https://doi.org/10.1046/j.1365-2699.2002.00704.x 

Chhin, S., & Wang, G. G. (2007). Growth of White Spruce, (Picea glauca), Seedlings in Relation 

to Microenvironmental Conditions in a Forest-Prairie Ecotone of Southwestern Manitoba. 

The Canadian Field-Naturalist, 121(2), 191–200. https://doi.org/10.22621/cfn.v121i2.445 

Chhin, S., & Wang, G. G. (2016). Climatic Sensitivity of a Mixed Forest Association of White 

Spruce and Trembling Aspen at Their Southern Range Limit. Forests, 7(10), 235. 

https://doi.org/10.3390/f7100235 

Cienciala, E., Mellander, P.-E., Kučera, J., Opluš tilová, M., Ottosson-Löfvenius, M., & Bishop, 

K. (2002). The effect of a north-facing forest edge on tree water use in a boreal Scots 

pine stand. Canadian Journal of Forest Research, 32(4), 693–702. 

https://doi.org/10.1139/x02-013 

Coop, J. D., & Givnish, T. J. (2007). Spatial and temporal patterns of recent forest 

encroachment in montane grasslands of the Valles Caldera, New Mexico, USA. Journal 

of Biogeography, 34(5), 914–927. https://doi.org/10.1111/j.1365-2699.2006.01660.x 

Coop, J. D., & Givnish, T. J. (2008). Constraints on Tree Seedling Establishment in Montane 

Grasslands of the Valles Caldera, New Mexico. Ecology, 89(4), 1101–1111. 

https://doi.org/10.1890/06-1333.1 

Costa, J. J., Oliveira, L. A., Viegas, D. X., & Neto, L. P. (1991). On the Temperature Distribution 

Inside a Tree Under Fire Conditions. International Journal of Wildland Fire, 1(2), 87–96. 

https://doi.org/10.1071/wf9910087 

Davies, K. W., Svejcar, T. J., & Bates, J. D. (2009). Interaction of historical and nonhistorical 

disturbances maintains native plant communities. Ecological Applications, 19(6), 1536–

1545. https://doi.org/10.1890/09-0111.1 



 

66 
 

de Casenave, J. L., Pelotto, J. P., & Protomastro, J. (1995). Edge-interior differences in 

vegetation structure and composition in a Chaco semi-arid forest, Argentina. Forest 

Ecology and Management, 72(1), 61–69. https://doi.org/10.1016/0378-1127(94)03444-2 

D’Odorico, P., Fuentes, J. D., Pockman, W. T., Collins, S. L., He, Y., Medeiros, J. S., 

DeWekker, S., & Litvak, M. E. (2010). Positive feedback between microclimate and 

shrub encroachment in the northern Chihuahuan desert. Ecosphere, 1(6), art17. 

https://doi.org/10.1890/ES10-00073.1 

Doucet, R. (1989). Regeneration Silviculture of Aspen. The Forestry Chronicle, 65(1), 23–27. 

https://doi.org/10.5558/tfc65023-1 

Duarte, L. D. S., Dos‐Santos, M. M. G., Hartz, S. M., & Pillar, V. D. (2006). Role of nurse plants 

in Araucaria Forest expansion over grassland in south Brazil. Austral Ecology, 31(4), 

520–528. https://doi.org/10.1111/j.1442-9993.2006.01602.x 

Ducherer, K., Bai, Y., Thompson, D., & Broersma, K. (2009). Dynamic Responses of a British 

Columbian Forest-Grassland Interface to Prescribed Burning. Western North American 

Naturalist, 69(1), 75–87. https://doi.org/10.3398/064.069.0118 

Dunwiddie, P. W. (1977). Recent Tree Invasion of Subalpine Meadows in the Wind River 

Mountains, Wyoming. Arctic and Alpine Research, 9(4), 393–399. 

https://doi.org/10.1080/00040851.1977.12003932 

Eldridge, D. J., Bowker, M. A., Maestre, F. T., Roger, E., Reynolds, J. F., & Whitford, W. G. 

(2011). Impacts of shrub encroachment on ecosystem structure and functioning: 

Towards a global synthesis. Ecology Letters, 14(7), 709–722. 

https://doi.org/10.1111/j.1461-0248.2011.01630.x 

Environment and Climate Change Canada. (2021, June). Canadian Climate Normals 1981-2010  

Station Data. Environment and natural resources. 

https://climate.weather.gc.ca/climate_normals/results_1981_2010_e.html?searchType=s

tnName&txtStationName=cypress%2Bhills&searchMethod=contains&txtCentralLatMin=0

https://climate.weather.gc.ca/climate_normals/results_1981_2010_e.html?searchType=stnName&txtStationName=cypress%2Bhills&searchMethod=contains&txtCentralLatMin=0&txtCentralLatSec=0&txtCentralLongMin=0&txtCentralLongSec=0&stnID=3085&dispBack=1
https://climate.weather.gc.ca/climate_normals/results_1981_2010_e.html?searchType=stnName&txtStationName=cypress%2Bhills&searchMethod=contains&txtCentralLatMin=0&txtCentralLatSec=0&txtCentralLongMin=0&txtCentralLongSec=0&stnID=3085&dispBack=1


 

67 
 

&txtCentralLatSec=0&txtCentralLongMin=0&txtCentralLongSec=0&stnID=3085&dispBac

k=1 

Fairweather, M. L., Geils, B. W., & Manthei, M. (2008). Aspen decline on the Coconino National 

Forest. In: McWilliams, Michael; Palacios, Patsy, Comps. Proceedings of the 55th 

Annual Western International Forest Disease Work Conference; 2007 October 15-19; 

Sedona, AZ. Salem, OR: Oregon Department of Forestry. p. 53-62., 53–62. 

Fekedulegn, D., Hicks, R. R., & Colbert, J. J. (2003). Influence of topographic aspect, 

precipitation and drought on radial growth of four major tree species in an Appalachian 

watershed. Forest Ecology and Management, 177(1), 409–425. 

https://doi.org/10.1016/S0378-1127(02)00446-2 

Fensham, R. J., Fairfax, R. J., & Archer, S. R. (2005). Rainfall, land use and woody vegetation 

cover change in semi-arid Australian savanna. Journal of Ecology, 93(3), 596–606. 

https://doi.org/10.1111/j.1365-2745.2005.00998.x 

Frenne, P. D., Baeten, L., Graae, B. J., Brunet, J., Wulf, M., Orczewska, A., Kolb, A., Jansen, I., 

Jamoneau, A., Jacquemyn, H., Hermy, M., Diekmann, M., Schrijver, A. D., Sanctis, M. 

D., Decocq, G., Cousins, S. A. O., & Verheyen, K. (2011). Interregional variation in the 

floristic recovery of post-agricultural forests. Journal of Ecology, 99(2), 600–609. 

https://doi.org/10.1111/j.1365-2745.2010.01768.x 

Fuhlendorf, S. D., & Engle, D. M. (2004). Application of the fire–grazing interaction to restore a 

shifting mosaic on tallgrass prairie. Journal of Applied Ecology, 41(4), 604–614. 

https://doi.org/10.1111/j.0021-8901.2004.00937.x 

Fuhlendorf, S. D., Engle, D. M., Kerby, J., & Hamilton, R. (2009). Pyric Herbivory: Rewilding 

Landscapes through the Recoupling of Fire and Grazing. Conservation Biology, 23(3), 

588–598. https://doi.org/10.1111/j.1523-1739.2008.01139.x 

https://climate.weather.gc.ca/climate_normals/results_1981_2010_e.html?searchType=stnName&txtStationName=cypress%2Bhills&searchMethod=contains&txtCentralLatMin=0&txtCentralLatSec=0&txtCentralLongMin=0&txtCentralLongSec=0&stnID=3085&dispBack=1
https://climate.weather.gc.ca/climate_normals/results_1981_2010_e.html?searchType=stnName&txtStationName=cypress%2Bhills&searchMethod=contains&txtCentralLatMin=0&txtCentralLatSec=0&txtCentralLongMin=0&txtCentralLongSec=0&stnID=3085&dispBack=1


 

68 
 

Gartzia, M., Alados, C. L., & Pérez-Cabello, F. (2014). Assessment of the effects of biophysical 

and anthropogenic factors on woody plant encroachment in dense and sparse mountain 

grasslands based on remote sensing data. Progress in Physical Geography: Earth and 

Environment, 38(2), 201–217. https://doi.org/10.1177/0309133314524429 

Grant, T. A., Madden, E., & Berkey, G. B. (2004). Tree and shrub invasion in northern mixed-

grass prairie: Implications for breeding grassland birds. Wildlife Society Bulletin, 32(3), 

807–818. https://doi.org/10.2193/0091-7648(2004)032[0807:TASIIN]2.0.CO;2 

Greene, Zasada, Sirois, Kneeshaw, & al,  et. (1999). A review of the regeneration dynamics of 

North American boreal forest tree species. Canadian Journal of Forest Research, 29(6), 

824–839. 

Griffiths, R., Madritch, M., & Swanson, A. (2005). Conifer invasion of forest meadows transforms 

soil characteristics in the Pacific Northwest. Forest Ecology and Management, 208(1), 

347–358. https://doi.org/10.1016/j.foreco.2005.01.015 

Gutsell, S. L., & Johnson, E. A. (2002). Accurately ageing trees and examining their height-

growth rates: Implications for interpreting forest dynamics. Journal of Ecology, 90(1), 

153–166. https://doi.org/10.1046/j.0022-0477.2001.00646.x 

Halpern, C. B., & Lutz, J. A. (2013). Canopy closure exerts weak controls on understory 

dynamics: A 30-year study of overstory—understory interactions. Ecological 

Monographs, 83(2), 221–237. 

Haugo, R. D., & Halpern, C. B. (2010). Tree age and tree species shape positive and negative 

interactions in a montane meadow. Botany, 88(5), 488–499. https://doi.org/10.1139/B10-

018 

Hessl, A. E., & Graumlich, L. J. (2002). Interactive effects of human activities, herbivory and fire 

on quaking aspen (Populus tremuloides) age structures in western Wyoming. Journal of 

Biogeography, 29(7), 889–902. https://doi.org/10.1046/j.1365-2699.2002.00703.x 



 

69 
 

Hoekstra, J. M., Boucher, T. M., Ricketts, T. H., & Roberts, C. (2005). Confronting a biome 

crisis: Global disparities of habitat loss and protection. Ecology Letters, 8(1), 23–29. 

https://doi.org/10.1111/j.1461-0248.2004.00686.x 

Hogg. (1994). Climate and the southern limit of the western Canadian boreal forest. Canadian 

Journal of Forest Research, 24(9), 1835–1845. https://doi.org/10.1139/x94-237 

Hogg, Brandt, J. P. B. P., & Michaelian, M. M. (2008). Impacts of a regional drought on the 

productivity, dieback, and biomass of western Canadian aspen forests. Canadian 

Journal of Forest Research. https://doi.org/10.1139/X08-001 

Hogg, Brandt, J. P., & Kochtubajda, B. (2005). Factors affecting interannual variation in growth 

of western Canadian aspen forests during 1951-2000. Canadian Journal of Forest 

Research. https://doi.org/10.1139/x04-211 

Hogg, & Schwarz, A. G. (1997). Regeneration of planted conifers across climatic moisture 

gradients on the Canadian prairies: Implications for distribution and climate change. 

Journal of Biogeography, 24(4), 527–534. https://doi.org/10.1111/j.1365-

2699.1997.00138.x 

Joshi, A. A., Ratnam, J., & Sankaran, M. (2020). Frost maintains forests and grasslands as 

alternate states in a montane tropical forest–grassland mosaic; but alien tree invasion 

and warming can disrupt this balance. Journal of Ecology, 108(1), 122–132. 

https://doi.org/10.1111/1365-2745.13239 

Kadmon, R., & Harari-Kremer, R. (1999). Studying Long-Term Vegetation Dynamics Using 

Digital Processing of Historical Aerial Photographs. Remote Sensing of Environment, 

68(2), 164–176. https://doi.org/10.1016/S0034-4257(98)00109-6 

Kennedy, P. G., & Sousa, W. P. (2006). Forest encroachment into a Californian grassland: 

Examining the simultaneous effects of facilitation and competition on tree seedling 

recruitment. Oecologia, 148(3), 464–474. https://doi.org/10.1007/s00442-006-0382-7 



 

70 
 

King, A. W., Dilling, L., Zimmerman, G. P., Fairman, D. M., Houghton, R. A., Marland, G., Rose, 

A. Z., & Wilbanks, T. J. (2007). The first state of the carbon cycle report (SOCCR): The 

North American carbon budget and implications for the global carbon cycle. The First 

State of the Carbon Cycle Report (SOCCR): The North American Carbon Budget and 

Implications for the Global Carbon Cycle. 

https://www.cabdirect.org/cabdirect/abstract/20083154843 

Knapp, A. K., Briggs, J. M., Collins, S. L., Archer, S. R., Bret-Harte, M. S., Ewers, B. E., Peters, 

D. P., Young, D. R., Shaver, G. R., Pendall, E., & Cleary, M. B. (2008). Shrub 

encroachment in North American grasslands: Shifts in growth form dominance rapidly 

alters control of ecosystem carbon inputs. Global Change Biology, 14(3), 615–623. 

https://doi.org/10.1111/j.1365-2486.2007.01512.x 

Lautenbach, J. M., Plumb, R. T., Robinson, S. G., Hagen, C. A., Haukos, D. A., & Pitman, J. C. 

(2017). Lesser Prairie-Chicken Avoidance of Trees in a Grassland Landscape. 

Rangeland Ecology & Management, 70(1), 78–86. 

https://doi.org/10.1016/j.rama.2016.07.008 

Leonelli, G. L., Denneler, B. D., & Bergeron, Y. B. (2008). Climate sensitivity of trembling aspen 

radial growth along a productivity gradient in northeastern British Columbia, Canada. 

Canadian Journal of Forest Research. https://doi.org/10.1139/X07-227 

Li, X., & Wilson, S. D. (1998). Facilitation Among Woody Plants Establishing in an Old Field. 

Ecology, 79(8), 2694–2705. https://doi.org/10.1890/0012-

9658(1998)079[2694:FAWPEI]2.0.CO;2 

Madany, M. H., & West, N. E. (1983). Livestock Grazing-Fire Regime Interactions within 

Montane Forests of Zion National Park, Utah. Ecology, 64(4), 661–667. 

https://doi.org/10.2307/1937186 

Man, R., & Lieffers, V. J. (1997). Seasonal photosynthetic responses to light and temperature in 

white spruce (Picea glauca) seedlings planted under an aspen (Populus tremuloides) 



 

71 
 

canopy and in the open. Tree Physiology, 17(7), 437–444. 

https://doi.org/10.1093/treephys/17.7.437 

Mast, J. N., Veblen, T. T., & Hodgson, M. E. (1997). Tree invasion within a pine/grassland 

ecotone: An approach with historic aerial photography and GIS modeling. Forest 

Ecology and Management, 93(3), 181–194. https://doi.org/10.1016/S0378-

1127(96)03954-0 

Mast, J. N., Veblen, T. T., & Linhart, Y. B. (1998). Disturbance and climatic influences on age 

structure of ponderosa pine at the pine/grassland ecotone, Colorado Front Range. 

Journal of Biogeography, 25(4), 743–755. https://doi.org/10.1046/j.1365-

2699.1998.2540743.x 

Naito, A. T., & Cairns, D. M. (2011). Relationships between Arctic shrub dynamics and 

topographically derived hydrologic characteristics. Environmental Research Letters, 6(4), 

045506. https://doi.org/10.1088/1748-9326/6/4/045506 

Natural Resources Canada. (2015). Canadian Digital Elevation Model, 1945-2011. Open  

Government https://open.canada.ca/data/en/dataset/7f245e4d-76c2-4caa-951a-

45d1d2051333 

Plumb, G. E., & Dodd, J. L. (1993). Foraging Ecology of Bison and Cattle on a Mixed Prairie:  

Implications for Natural Area Management. Ecological Applications, 3(4), 631–643. 

https://doi.org/10.2307/1942096  

Roussel J, Auty D, Coops NC, Tompalski P, Goodbody TR, Meador AS, Bourdon J, de Boissieu  

F, Achim A (2020). “lidR: An R package for analysis of Airborne Laser Scanning (ALS)  

data.” Remote Sensing of Environment, 251, 112061. ISSN 0034-4257,  

doi: 10.1016/j.rse.2020.112061. 

Roussel J, Auty D (2021). Airborne LiDAR Data Manipulation and Visualization for Forestry  

Applications. R package version 3.1.3, https://cran.r-project.org/package=lidR. 

https://doi.org/10.1016/j.rse.2020.112061
https://cran.r-project.org/package=lidR


 

72 
 

Sankaran, M., Hanan, N. P., Scholes, R. J., Ratnam, J., Augustine, D. J., Cade, B. S., Gignoux, 

J., Higgins, S. I., Le Roux, X., Ludwig, F., Ardo, J., Banyikwa, F., Bronn, A., Bucini, G., 

Caylor, K. K., Coughenour, M. B., Diouf, A., Ekaya, W., Feral, C. J., … Zambatis, N. 

(2005). Determinants of woody cover in African savannas. Nature, 438(7069), 846–849. 

https://doi.org/10.1038/nature04070 

Sankey, T. T., Montagne, C., Graumlich, L., Lawrence, R., & Nielsen, J. (2006). Twentieth 

century forest–grassland ecotone shift in Montana under differing livestock grazing 

pressure. Forest Ecology and Management, 234(1), 282–292. 

https://doi.org/10.1016/j.foreco.2006.07.010 

Saskatchewan Ministry of Parks, Culture and Sport. (2021). Cypress Hills Interprovincial  

Park Ecosystem-Based Management Plan. 

https://www.saskatchewan.ca/residents/parks-culture-heritage-and-sport/provincial-park-

management/conservation-programs-in-provincial-parks 

Scholes, R. J., & Archer, S. R. (1997). Tree-Grass Interactions in Savannas. Annual Review of 

Ecology and Systematics, 28(1), 517–544. 

https://doi.org/10.1146/annurev.ecolsys.28.1.517 

Soulé, P. T., Knapp, P. A., & Grissino-Mayer, H. D. (2003). Comparative Rates of Western 

Juniper Afforestation in South-Central Oregon and the Role of Anthropogenic 

Disturbance. The Professional Geographer, 55(1), 43–55. https://doi.org/10.1111/0033-

0124.01020 

Stevens, N., Lehmann, C. E. R., Murphy, B. P., & Durigan, G. (2017). Savanna woody 

encroachment is widespread across three continents. Global Change Biology, 23(1), 

235–244. https://doi.org/10.1111/gcb.13409 

Stockdale, C. A., Macdonald, S. E., & Higgs, E. (2019). Forest closure and encroachment at the 

grassland interface: A century-scale analysis using oblique repeat photography. 

Ecosphere, 10(6), e02774. https://doi.org/10.1002/ecs2.2774 

https://www.saskatchewan.ca/residents/parks-culture-heritage-and-sport/provincial-park-management/conservation-programs-in-provincial-parks
https://www.saskatchewan.ca/residents/parks-culture-heritage-and-sport/provincial-park-management/conservation-programs-in-provincial-parks


 

73 
 

Tongway, D. J., Valentin, C., & Seghieri, J. (2001). Banded Vegetation Patterning in Arid and 

Semiarid Environments: Ecological Processes and Consequences for Management. 

Springer Science & Business Media. 

Vehtari, A., Gabry, J., Magnusson, M., Yao, Y., Bürkner, P.-C., Paananen, T., & Gelman, A.  

(2020). loo: Efficient leave-one-out cross-validation and WAIC for Bayesian models.  

https://mc-stan.org/loo/ 

Veldman, J. W., Overbeck, G. E., Negreiros, D., Mahy, G., Le Stradic, S., Fernandes, G. W., 

Durigan, G., Buisson, E., Putz, F. E., & Bond, W. J. (2015). Where Tree Planting and 

Forest Expansion are Bad for Biodiversity and Ecosystem Services. BioScience, 65(10), 

1011–1018. https://doi.org/10.1093/biosci/biv118 

Widenmaier, K. J., & Strong, W. (2010). Tree and forest encroachment into fescue grasslands 

on the Cypress Hills plateau, southeast Alberta, Canada. Forest Ecology and 

Management, 259(10), 1870–1879. https://doi.org/10.1016/j.foreco.2010.01.049 

Wilcox, B. P., Birt, A., Fuhlendorf, S. D., & Archer, S. R. (2018). Emerging frameworks for 

understanding and mitigating woody plant encroachment in grassy biomes. Current 

Opinion in Environmental Sustainability, 32, 46–52. 

https://doi.org/10.1016/j.cosust.2018.04.005 

Williams-Linera, G. (1990). Vegetation Structure and Environmental Conditions of Forest Edges 

in Panama. Journal of Ecology, 78(2), 356–373. https://doi.org/10.2307/2261117 

Wu, X. B., & Archer, S. R. (2005). Scale-Dependent Influence of Topography-Based Hydrologic 

Features on Patterns of Woody Plant Encroachment in Savanna Landscapes. 

Landscape Ecology, 20(6), 733–742. https://doi.org/10.1007/s10980-005-0996-x 

https://mc-stan.org/loo/


 

74 
 

Appendix 

Table A.1. Posterior estimates and credible interval values for the selected land cover 
change model (model 9 in Table 3). 
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Table A.2. Posterior estimates and credible interval values for selected models 
estimating upper canopy height and canopy cover for forests established in time interval 
1 (model 3 in Table 3), forests established in time interval 2 (models 2 and 6 in Table 3), 
and tree cover in grasslands within 50 m of the forest edge (models 8 and 10 in Table 
3). 
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Table A.3. Posterior estimates and credible intervals for the selected regeneration 
density models (model 9 in Table 3) for white spruce, trembling aspen and lodgepole 
pine. 
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