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Abstract 

Various types of open ecosystems across North America, including grasslands, savannas and 

barrens, have been shrinking in size over time as they are threatened by the succession of woody 

vegetation. The Frontenac Arch serves as a key linkage between ecosystems on the Canadian Shield to 

the north and the Adirondack and Appalachian Mountains to the south. Granite barrens are a unique 

ecosystem type on the Frontenac Arch that is of high conservation concern because they support many 

rare and threatened species, and a lack of periodic disturbances could be contributing to woody plant 

encroachment. The purpose of this research was to assess the extent to which these barrens have changed 

over the last 100 years and to investigate recent dynamics of woody vegetation on granite barrens in 

eastern Ontario. Using repeat aerial photography of 290 barrens, we found that the mean proportion of 

tree cover increased by 22.5% from 1925 to 2008 and the mean proportion of exposed granite or 

vegetated area decreased by 25.3% over the same period. Dendroecological analysis of the tree 

community in 10 granite barrens at Queen’s University Biological Station (QUBS) supports the aerial 

photography analysis. Very few trees were older than 100 years and there was a pulse of tree 

establishment in the 1960s. Species inventory at these same sites revealed that white ash, eastern red 

cedar, and common juniper are the most common woody species colonizing the barrens, despite evidence 

that eastern white pine was prominent prior to European settlement as indicated by the presence of 

charred pine tree stumps. These results have implications for the management and conservation of granite 

barrens that could be used to guide their restoration. Mechanical thinning or the removal of soil could be 

utilized to limit woody plant growth on granite barrens at QUBS. The potential use of prescribed fire as a 

management strategy is considered in other areas of the Frontenac Arch. These data, within a historical 

context, reveal the role that ecosystem disturbances can have in granite barrens and provide further insight 

than previous studies of land cover change and the infilling of woody plants in the Frontenac Arch. 
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Chapter 1 

Introduction and Literature Review 

1.1 Context  

Goals for the conservation and restoration of ecosystems in North America are often defined by 

conditions characteristic of the period prior to European settlement (Bjorkman and Vellend 2010). 

However, in many regions the original landscape has been altered to such an extent that there is no longer 

any evidence of what pre-European ecosystems looked like or how they functioned (Cyr, Gauthier et al. 

2009). Historical ecology, defined as assessing the changes in an ecosystem over time, is increasingly 

being used to overcome this challenge and help define reference conditions for ecosystem management 

(Swetnam, Allen et al. 1999). Well-known applications include the use of tree ring analysis to understand 

natural fire regimes (Morgan, Hardy et al. 2001), public land survey records to reconstruct pre-settlement 

forest conditions (Quinn 2004), and early aerial photographs to monitor rates of landscape change 

(Plieninger 2012).  

The goal of this research was to implement a combination of techniques to understand the 

ecological history of the Frontenac Arch region in eastern Ontario and analyze land cover changes of 

woody vegetation in granite barrens in the landscape over time. Particular attention was placed on 

understanding the age and composition of woody species dynamics that dominate these ecosystems to 

determine the extent to which they have changed over the past 100 years. This knowledge is important for 

guiding management of these areas, including goals and techniques for restoration. By working to protect 

granite barren communities, we can maintain local biodiversity and regional biodiversity by protecting 

habitat that enables the continuity of species dispersal between key supportive habitats (Keddy 1995, 

Stephenson 2001, Speziale and Ezcurra 2015). Protecting areas of high biodiversity has been shown to be 

the most crucial means of targeting negative effects from habitat loss, degradation and fragmentation 

(Miller and Bell 2021). For habitat protection and conservation to be achieved, ecological connectivity 
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between habitats is essential to enable the flow of species and the natural processes that sustain them 

(Convention on Migratory Species 2017, Convention on Migratory Species 2019, Hilty, Worboys et al. 

2020).  

The Frontenac Arch is a diverse landscape and is rich in biodiversity (Brown and Harris 2005). 

The Arch acts as an ecological corridor between Algonquin Provincial Park to the north and Adirondack 

State Park to the south, connecting what has been referred to as an intercontinental wildlife highway 

(Stephenson 2001). One reason for the Frontenac Arch’s designation as a UNESCO World Biosphere 

Reserve is because forest cover and species diversity are greater than in other adjacent regions (UNESCO 

2015). There are at least 34 native species at risk in the area, inclusive of both flora and fauna, that are 

considered of special concern or in danger of extirpation or extinction (Frontenac Arch Biosphere 2021b). 

The Committee on the Status of Endangered Wildlife in Canada (COSEWIC) has designated 54 species at 

risk - ranging from being endangered, threatened and of special concern - among the Ontario portion of 

the Frontenac Arch (Nature Conservancy of Canada 2019, Miller and Bell 2021). High species diversity 

in the Frontenac Arch can be attributed to favorable refuge conditions and limited available habitat 

needed to support these species (Frontenac Arch Biosphere 2021b). 

The Frontenac Arch has experienced a wide range of human influences, including increasing 

agriculture, urbanization, and the construction of major highways that have fragmented the landscape into 

increasingly smaller and more isolated patches, posing a major threat to connectivity and putting all the 

species that use it at risk (Keddy 1995). Ecological restoration has been used to overcome similar 

challenges elsewhere. However, protected areas in the region struggle with identifying reference 

conditions for restoration and management. Historical ecological analysis of the Frontenac Arch can help 

inform how the region has changed over the last 100 years and can also help to identify processes that 

might have shaped ecosystems in the past, prior to widespread human settlement (ex. fire, etc.) (Bélanger 

and Grenier 2002).  

Rock barrens are open isolated areas of rock exposures that support a number of rare species and 

unique plant assemblages (Catling and Brownell 1999). These types of ecosystems occur throughout the 
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Canadian Shield (Catling and Brownell 1999) and are more broadly embedded within the forested 

landscape across North America. Granite barrens can be found on hilltops or ridgetops within the 

Frontenac Arch and are characterized by sparse tree cover and areas of exposed bedrock (Catling and 

Brownell 1999). Rare and threatened species tend to inhabit these areas, so the loss of granite barrens can 

affect the biodiversity conservation across the region (Catling and Brownell 1999, Hector, Joshi et al. 

2001). Loss of granite barren area means less habitat available for resident and migratory wildlife (Keddy 

1995). It has been proposed that granite barrens were historically influenced by periodic disturbances, 

such as fires, to help maintain their open canopy (Catling and Brownell 1999).  While little is known 

about these historic processes, a lack of periodic disturbances could potentially alter the extent of woody 

vegetation and the openness of the barrens as has been observed in similar ecosystems globally (Catling 

and Brownell 1999, Conway and Danby 2014). A greater understanding of historical land cover change 

and the vegetation composition of the granite barrens are required in the Frontenac Arch to prevent the 

loss of these necessary ecosystems. 

1.2 Historical Ecology 

Historical ecology, defined as assessing the changes in an ecosystem over time, is increasingly 

being used to help define reference conditions for ecosystem management (Swetnam, Allen et al. 1999). 

Historical ecology can potentially be applied across any spatial and temporal extent (Moore and Armada 

2011). A historical perspective is invaluable as it encourages a broader analytical view of ecosystem 

dynamics (Russell 1997, Moore and Armada 2011). Ecosystem dynamics can be understood by situating 

current environmental circumstances within a historical context (Russell 1997). We can study the 

historical ecology of the landscape to learn how it has responded to past ecosystem disturbances and to 

predict how an ecosystem may respond to future changes in climate (Moore and Armada 2011). These 

predictions inform and enable ecosystem management plans to be more adaptive and effective. This 

concept is also grounded in the idea that we can provide historical evidence of ecosystem changes 

resulting from the consistent interactions between human activity and a changing environment (Moore 
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and Armada 2011). Natural resource managers have been increasingly relying on historical ecology to 

restore biological diversity to conserve ecosystems that have been severely altered, and to use as 

benchmarks for assessing anthropogenic change (Landres, Morgan et al. 1999). While there are many 

approaches to the study of historical ecology, some well-known applications include the use of tree ring 

analysis to understand natural fire regimes (Morgan, Hardy et al. 2001) and historical aerial photographs 

to monitor rates of landscape change (Plieninger 2012).  

Dendrochronology, the science of dating tree rings, is a well-established method and has been 

used extensively in historical ecology (Moore and Armada 2011). Seasonal changes throughout tree 

growth are evident in the gradient of earlywood and latewood of tree rings found in the cross-sections of 

tree trunks (Stokes and Smiley 1968). There have been numerous studies that use dendrochronological 

techniques to reconstruct vegetation change and examine variation in plant growth. These studies 

demonstrate how dendrochronology can be used to inform past ecological events and help to explain the 

processes influencing vegetation growth and decay in the current landscape. For instance, Buechling and 

Baker (2004) quantified historical fire patterns in a subalpine forest of Rocky Mountain National Park by 

studying fire-scars visible in increment tree cores. This study identified historical fire events and 

compared them to a recent decline in fire activity, finding that current fire dynamics may be outside their 

historical range of variability (Buechling and Baker 2004). Another example is Dey and Guyette (2000), 

who constructed fire histories from the mid-1600s by using dendrochronological methods from fire scars 

on red pine (Pinus resinosa), white pine (Pinus strobus), and red oak (Quercus rubra) in south-central 

Ontario. They found that the red oak forests prospered largely due to anthropogenic prescribed burns and 

natural fires (Dey and Guyette 2000). Changes in fire frequency were common during this period of 

European settlement (Dey and Guyette 2000). Mast and Veblen (1994) used cross-dating techniques to 

identify a period of massive mortality of Engelmann spruce (Picea engelmannii) in the Colorado Rocky 

Mountains that corresponds to a spruce beetle infestation in the 1940s. This analysis proved the 

effectiveness of dating tree deaths to provide historical ecological contexts for interpreting tree ring data 

and tree mortality patterns in the landscape (Mast and Veblen 1994).  
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Dendrochronology can provide insight on changes in tree density, basal area, and species 

composition over time, but it has limitations for inferring changes in landscape pattern because of its 

restrictive ability to be applied across a large spatial extent due to time and resources (Lydersen and 

Collins 2018). In contrast, expanding the spatial scale of research has been made possible through the 

application of aerial photography (Moore and Armada 2011, Hellesen and Levin 2014). Mapping 

landscape changes through the use of aerial photography is useful for ecosystem monitoring and 

management (Morgan, Gergel et al. 2010). Aerial photography provides temporal continuity and a visual 

record of landscape change, proving to be an invaluable source of historical information (Cohen, Kushla 

et al. 1996, Fensham and Fairfax 2002, Morgan, Gergel et al. 2010). A drawback that many historical 

photography analyses have is an absence of field data to validate the perceived land cover changes 

(Eitzel, Kelly et al. 2016). However, this challenge can be overcome by using a combination of these 

historical ecological approaches to best assess changes in a landscape over time.  

Many studies have used aerial photography to quantify landscape changes over long periods of 

time with the use of geographic information system (GIS) technologies. These studies demonstrate how 

aerial photographic analysis within a GIS environment can be used to yield quantitative data, demonstrate 

landscape trends, and even predict future environmental trends based on historical ecological patterns. 

These techniques can be vital in improving management programs. For example, Mast et al. (1997) 

digitally determined tree invasions into the grassland areas in historical aerial photographs of the 

Colorado Front Range (Mast, Veblen et al. 1997). Tree invasions into grasslands were identified and 

quantified, demonstrating an increase in tree coverage since the 1930s (Mast, Veblen et al. 1997). The 

years with the greatest increase in tree cover corresponded to other ecological events that occurred at the 

time, including above average precipitation, decreased grazing, fire suppression, and favorable climate 

conditions for seedling establishment (Mast, Veblen et al. 1997). These changes in disturbance regimes 

create favorable conditions that support the establishment of ponderosa pine (Pinus ponderusa) in this 

pine-grassland ecotone (Mast, Veblen et al. 1997). In another study, Lydersen and Collins (2018) 

compared recent aerial imagery from 2005 to historic aerial imagery from 1941 in Plumas National 



 6 

Forest, northern Sierra Nevada to characterize changes in vegetation patterns over time. The extent of 

dense forest cover and area-weighted mean patch size of dense forest cover increased over time, 

demonstrating greater vegetation homogeneity across the landscape over time (Lydersen and Collins 

2018). However, the size of the dense forest patches and increased tree cover also likely contributed to the 

high-severity wildfires in the landscape in 2006-2007 (Lydersen and Collins 2018). The researchers 

suggest that by decreasing dense forest patches on south-facing aspects, historical vegetation patterns 

could be restored, which would improve forest resilience to future disturbances like wildfires (Lydersen 

and Collins 2018).  

The Algonquin to Adirondacks is one region where we must acknowledge a historical ecology 

deficit when making management decisions, especially in regard to granite barren ecosystems. While land 

managers work to restore the existing land, the lack of historical data may make it difficult to determine 

what those spatial patterns were (Hessburg, Smith et al. 1999, Szabó 2015). Current patterns of an 

ecoregion can be used as reference conditions to evaluate spatial pattern changes. To compensate for the 

lack of data, dendrochronology techniques and aerial photography can be used to build a spatially 

continuous historical and current understanding of the ecosystem of interest (Russell 1997, Hessburg, 

Smith et al. 1999); in this instance of research, the ecosystem of interest are granite barrens. This method 

of ecosystem restoration gives land managers a tool to compare departures of historical landscapes to 

present-day landscapes (Hessburg, Smith et al. 1999). By gaining a better understanding of the processes 

that have led to granite barren composition as we see them today, we can determine the future long-term 

management of these ecosystems. 

1.3 Rock Exposures in North America  

Areas of visible rock with varying soil and vegetation composition are found in diverse climates 

ranging in sizes and can be referred to as rock exposures (Shure 1999). Many of the species that inhabit 

rock exposures have physiological, morphological, and life history traits to withstand the challenging 

climate conditions present in such ecosystems (Wyatt and Fowler 1977, Wyatt 1983, Quarterman, 



 7 

Burbanck et al. 1993, Shure 1999). Shallow soils, variable temperature and inconsistent moisture 

availability due to high light intensity are some of the challenging climate conditions that species endure 

in rock exposures (Shure and Ragsdale 1977, Catling and Brownell 1999, Austin, Semmens et al. 2009). 

The shallow soils can be nutrient-deficient and dry but can also be saturated post-precipitation as the 

moisture accumulates in the impermeable depressions of the rock outcrop (Phillips 1982, Shure 1999). 

These areas are less densely vegetated than the surrounding forests as trees cannot establish as easily in 

these relatively harsh abiotic conditions (Catling and Brownell 1999, Austin, Semmens et al. 2009). 

Surrounding these habitats are typically forests that contain soils that contrast the soil composition on the 

outcrops (Arabas 2000). There is also often a greater fluctuation of climate conditions experienced on 

outcrops that differs from the adjacent forests due to these thin layers of soil and a lack of insulation 

provided by sparse vegetation (Shure and Ragsdale 1977). Endemic and rare species may be vulnerable to 

extirpation and extinction as a result of inhabiting these isolated and restrictive habitats (Shure and 

Ragsdale 1977, Houle 1990).  

The characteristics of rock exposures or outcrops are often defined by the soil or substrate of 

which they occur because they have such direct implications for water-retention, plant growth and plant 

development (Fyon 2021). Similar types of environments with bare rock exposures and shallow soils 

include alvars, serpentine barrens, and granite barrens (Nature Conservancy of Canada 2020). As granite 

barrens are the focus in this study, they will be discussed in more detail in a later section. 

While there are many types of alvar habitats, they are typically based on limestone or dolostone 

and are among the most species rich habitats globally at a scale of less than 100 square centimeters 

(Nature Conservancy of Canada 2020). Each type of alvar varies in the amount of soil it contains and the 

vegetation in each type is determined by location, soil moisture and climate (Goodban 2019). Numerous 

endemic species, like the endemic lakeside daisy (Hymenoxis herbacea), have evolved to survive in 

Ontario alvars. Unfortunately, there are also 43 rare Ontario plant species that occur on alvars (Catling 

and Brownell 1995) and almost all types of alvars are considered globally threatened (Reschke, Reid et al. 

1999). 
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Serpentine barrens are globally rare, savanna-like habitats that are home to adaptive serpentine-

tolerant flora (Brady, Kruckeberg et al. 2005, Flinn, Mikes et al. 2017), which are largely attributed to the 

uncommon chemical and physical composition of serpentine-derived soils (Arabas 2000). The soils are 

thin and nutrient poor, with high levels of heavy metals (Walker 1954, Whittaker 1954, Harrison, Safford 

et al. 2006). The spread of invasive species and woody encroachment into open habitat are the two main 

threats to serpentine barrens in eastern North America. However, Flinn et al. (2017) suggest that while 

invasive species threaten species diversity, encroachment is a greater threat because species diversity and 

composition of the savannas change as they become woodlands. These ecosystems are important to 

protect to maintain the distinct vegetation, rare species, diversity at the landscape level and contribute to 

regional biodiversity (Flinn, Mikes et al. 2017). 

1.4 Woody Plant Encroachment and the Role of Fire 

Over the past century, there has been an increase in woody plant encroachment into open 

ecosystems all over the globe (Sala and Maestre 2014). Plant encroachment alters landscape dynamics as 

land cover and habitats are transformed. Succession from open to closed habitat due to encroachment 

strongly affects biodiversity of an area, as grassland species decrease and are overcome by savanna or 

open woodland species which may later be overcome by shrubland or woodland species (Archer, 

Andersen et al. 2017, Flinn, Mikes et al. 2017). As encroachment has occurred in a range of climates 

including tropical, arctic, arid and humid, it is likely that the factors influencing woody plant abundance 

differs among climate zones (Archer, Andersen et al. 2017). The causes, rate and extent of woody 

encroachment can be influenced by disturbance regimes, climate trends, land-use history, biodiversity, 

land management and the interactive effects among them (Briggs, Knapp et al. 2005, Archer, Andersen et 

al. 2017). Woody plant encroachment continues to be a major topic of study among researchers to 

understand the different factors involved and responsible for these landscape changes. 

The presence of periodic fire in climates with soils that support abundant woody vegetation can 

help to limit encroachment (Archer, Andersen et al. 2017). Restriction and suppression of fires along with 
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tree planting has increased woody plant encroachment into what was once treeless grasslands in Nebraska 

(Twidwell, Rogers et al. 2013, Fogarty, Roberts et al. 2020). The rate and extent of encroachment varies 

across the state due to interactions between climate, fire, herbivory, and flora biodiversity (Briggs, Knapp 

et al. 2005). After monitoring woody land cover change from 2000-2017, woody plants, specifically 

eastern red cedar (Juniperus virginiana), have been encroaching onto grasslands. Current brush 

management approaches to counter encroachment delayed the rate of encroachment (Twidwell, Allred et 

al. 2013, Roberts, Uden et al. 2018), but unlikely sustains threatened ecosystems from encroachment 

which emphasizes the importance of implementing proactive management strategies (Fogarty, Roberts et 

al. 2020). One particular study area was Loess Canyons, which showed evidence of a “management-

driven stabilization of encroachment” through the use of prescribed burns and monitoring of eastern red 

cedar encroachment across private and public property (Fogarty, Roberts et al. 2020). This demonstrates 

the success a proactive management approach can have when monitoring landscape changes in relation to 

conservation efforts.  

The lack of natural disturbance regimes, like fires, threaten the persistence of savannas and oak 

barrens in North America (Petersen and Drewa 2014). A study of oak barrens in the Bluegrass Region of 

southern Ohio showed that biennial prescribed dormant season fire and clipping treatments had similar 

effects of not suppressing the resprouting of shrubs but reducing shrub cover by 35% over the study’s 

duration (Petersen and Drewa 2014). This can be compared to non-manipulated plots that increased in 

shrub cover by 44% (Petersen and Drewa 2014). Petersen and Drewa (2014) suggest that biennial 

prescribed fire or clipping can temporarily reduce shrub cover but does not reduce shrub density or 

eliminate resprouting of vegetation over the long term. Taft (2020) conducted a study of a fire-treatment 

and a fire-free control unit of dry oak barrens in southern Illinois. This study found that a fire 

approximately every four years could help to restore woodland and barrens natural areas and maintain 

species composition and diversity in these particular oak barrens (Taft 2020). These studies demonstrate 

the need to study and develop a management strategy geared directly towards the specific climate, 
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vegetation and surrounding environment, as one solution across a broad landscape or across similar 

habitat may be ineffective.  

The Nottingham Serpentine Barrens, in Pennsylvania-Maryland are recognized as a hotspot of 

rare and endemic species, highlighting their conservation importance and need of effective management 

strategies (Arabas 2000). While the conditions of the barrens are attributed to their unique soils, it has 

been suggested that the role of fire contributes to the maintenance of serpentine ecosystems which helps 

to support the rare and endemic species that inhabit them (Arabas 2000). Arabas (2000) studied the spatial 

and temporal patterns of vegetation change in the serpentine barrens over 150 years by using three types 

of data: 1) archival data to reconstruct fire and land-use history from the late 1800s, 2) aerial photographs 

and vegetations maps to determine vegetation change between 1937 and 1993, and 3) stand structure and 

soil data to provide insight on fire frequency (Arabas 2000). The variety of data utilized in this study 

provides a historical and contemporary understanding of the landscape processes and functions. Arabas 

found that between 1937 and 1993, savanna area decreased by half and hardwood forest area increased 

(Arabas 2000). The research suggests that less frequent fire and changes in soil depth over a long time 

period may contribute to savannas and open woodlands transforming into closed hardwood forests 

(Arabas 2000). This paper highlights the importance of understanding land cover change and how woody 

plant encroachment can be attributed to a lack of periodic disturbances. Thus, the relationship between 

disturbances, soil properties, and vegetation contributes to the environmental conditions of these barrens, 

which can be useful when developing land management strategies (Arabas 2000).  

In the Great Lakes region, the impact of fire has ranged from having no effect to maintaining and 

creating grasslands (Catling and Brownell 1998, Jones and Reschke 2005, Catling 2009). However, the 

annual seasonality of spring floods and summer droughts are thought to impact alvar ecosystems over the 

long term (Catling 2014). Catling (2014) studied the impacts of drought on living and dead trees in an 

open alvar ecosystem in the Burnt Lands Alvar in eastern Ontario. By dating the age of the living and 

dead trees, the mortality of woody species including trees and common juniper shrubs ranged from 10% 
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to 100% at the open alvar sites (Catling 2014). Some Scandinavian alvars have also experienced a decline 

in juniper due to drought (Rosen 1984), despite the maintenance and creation of these alvars often being 

attributed to livestock grazing (Znamenskiy, Helm et al. 2006). Catling (2014) states, “Although fire may 

have more impact on the edges of open alvar and in the creation of open alvar from alvar woodland 

(Catling 2009), or may vary in impact from one alvar to another (Jones and Reschke 2005), drought may 

prevent succession to forest on parts of open alvar and on alvar pavements not subject to fire.” Fire and 

drought may have an interactive effect in maintaining open alvars, as drought has the potential of 

promoting fire by creating arid conditions (Catling 2014). Catling (2014) suggests that if there was a 

fluctuation in climate in the past, just as there have been in more recent years, it is possible that some 

open alvars have persisted since early post-glacial times. This study shows that drought can have an 

influential effect on restricting woody plant growth in the alvar ecosystems in eastern Ontario (Catling 

2014) and should continue to be investigated elsewhere in different types of open ecosystems.  

Pitch pine (Pinus rigida) is known to be a shade-intolerant and fire-adapted species, though 

ecosystem changes including changes in the fire regime over the past decades have resulted in 

unfavorable conditions for the longevity of this species (Ellsworth, Bedford et al. 2009). The decline of 

pitch pine recruitment has been documented in St. Lawrence Islands National Park (now 1000 Islands 

National Park), eastern Ontario due to several factors, ranging from poor soil moisture, deer browsing and 

competition between other trees decreasing the rate of seedling growth (Ledig and Little 1979, Witzke 

1996). Red oak (Quercus rubra), eastern white pine (Pinus strobus), white oak (Quercus alba) and other 

mixed hardwoods can “overtake and shade out” pitch pine in the absence of fire (Ammann 2000). There 

have been prescribed burns in pitch pine barrens in Hill Island, St. Lawrence Islands National Park to 

reduce competition among other tree species and produce a layer of mineral soil necessary for growth 

(Ellsworth, Bedford et al. 2009). Canopy cover and hardwood density in unburned plots was associated 

with higher density of eastern white pine and lower density of mature pitch pine (Šrůtek, Doležal et al. 

2008). This study demonstrates that the density of pitch pine seedlings are higher and eastern white pine 

seedlings are lower in burned plots as compared to unburned plots (Šrůtek, Doležal et al. 2008). Also, the 
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density of eastern white pine seedlings tended to be higher than the density of pitch pine seedlings in 

unburned plots (Šrůtek, Doležal et al. 2008). 

While many authors acknowledge the imperative need to develop effective management 

strategies for large priority areas, it has been challenging to develop successful strategies that limit 

encroachment and restore open ecosystems at large scales as outcomes are unknown (Van Wilgen, 

Forsyth et al. 2012, Twidwell, Allred et al. 2013, Van Pelt, Kyle et al. 2013, Falkowski, Evans et al. 2017, 

Fogarty, Roberts et al. 2020). As evident in these studies, the role of fire can have complex implications 

for woody plant encroachment in a landscape. The role of fire and its impacts cannot be generalized 

across regions (Jones and Reschke 2005). Specific knowledge of the local fire history is critical to 

understanding the mosaic of vegetation communities, ecosystem processes and potentially prescribed 

burns (McBride 1983). These studies also demonstrate the importance of learning from previous 

management efforts and adapting strategies. As the factors that influence woody plant encroachment are 

diverse and interactive, the ultimate task is to understand how encroachment is occurring in a local setting 

and to apply direct land management strategies (Archer, Andersen et al. 2017). There are limited studies 

focusing on the extent of woody plant encroachment in different types of vegetative communities in 

granite barrens in Ontario, proving a knowledge gap of encroachment in the Frontenac Arch.  

1.5 Granite Barrens in the Frontenac Arch 

Barrens are mosaics of plant communities that range in size and amounts of tree coverage 

(Latham and McGeehin 2012, Burgess, Szlavecz et al. 2015). Different types of rock barrens occur in a 

widespread, discontinuous band from Georgian Bay towards Kaladar in eastern Ontario. Small, isolated 

barrens occur in the Frontenac Arch region of the upper St. Lawrence River in Ontario and New York 

(Vander-Kloet 1973, Seischab and Bernard 1991). 

Granite barrens, the focus ecosystem type in this research, are situated on exposed areas of 

granite and occur in the southern, forested and temperate area of the Canadian Shield (Catling and 

Brownell 1999). Granite barrens can be found along hilltops or ridgetops falling alongside the depressions 



 13 

of faults to form long areas of exposed granite rock (Catling and Brownell 1999). Granite barrens may 

have grassy areas, shrubs, scattered trees and most expectedly, exposed rock with or without lichen and 

moss coverage (Catling and Brownell 1999). Water and soil are collected in rock depressions but vary in 

soil depth, so it is possible to have times of extreme wetness and times of drought depending on the 

climate (Catling and Brownell 1999). Soils within the barrens tend to be shallow because they are a result 

of rock decomposition (Prigge, Huggins et al. 2011) and the soils may tend to be more acidic than 

surrounding substrates (Catling 2013). These differences in soil quality and water volume determine the 

assortment of vegetation in the barren (Catling and Brownell 1999). The shallow soil and high light 

exposure can be unfavorable growth conditions for some woody species (Sharitz and McCormick 1973, 

Catling and Brownell 1999, Jalava, Miller et al. 2019). Adjacent to the barrens are contrastingly different 

types of habitat including forests, roads, farmland, lakes, ponds, marshes and wetlands (Catling and 

Brownell 1999).  

These rock barrens are considered to be unique habitat, home to many rare species that survive in 

these harsh climate and soil conditions (Catling and Brownell 1999). Some of the more common vascular 

species range from grasses, shrubs and ferns (examples include Danthonia spicata, Vaccinium 

angustifolium, and Pteridium aquilinum, respectively) (Catling and Brownell 1999). Some provincially 

rare species, including pitch pine (Pinus rigida), bear oak (Quercus ilicifolia), shining sumac (Rhus 

copallinum), downy goldenrod (Solidago puberula), and blunt-lobed woodsia (Woodsia obtusa), are 

largely restricted to granite barrens within the Frontenac Arch (Vander-Kloet 1968, Vander-Kloet 1973, 

Brownell, Blaney et al. 1996). Ontario’s native lizard, the five-lined skink (Plestiodon fasciatus), is 

largely distributed throughout the barrens between Georgian Bay and Kingston along the Canadian Shield 

(Seburn and Seburn 2000). The black rat snake (Pantherophis obsoletus) is commonly found on granite 

barrens in the Frontenac Arch, though it is not restricted to these open habitats (Catling and Brownell 

1999). Various species of butterfly including chryxus arctic (Oeneis chryxus) and olympia marble 

(Euchloe olympia) tend to sequester around granite and limestone barrens in Ontario (Wagner 1977, 

Catling and Brownell 1999). The gray hairstreak (Strymon melinus) is rare in Ontario and also inhabits 
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rock barrens, though not confined to them (Catling and Brownell 1999). There are other insects that may 

be more or less confined to granite barrens in Ontario, however documentation of distribution is limited 

(Catling and Brownell 1999). Most of the prairie warbler (Setophaga discolor) populations in Ontario 

tend to reside in granite barren areas (Lambert and Smith 1984). Some of the most substantial threats to 

these species are threats to the preservation of their habitat. This can be seen through habitat loss, habitat 

fragmentation, and urban development (Government of Ontario 2014a, Government of Ontario 2014c). 

While granite barrens are limited throughout southern Ontario, efforts to protect these barrens is 

warranted to preserve all of the previously mentioned species that rely on these habitats and to maintain a 

high level of biodiversity across the Frontenac Arch (Catling and Brownell 1999). 

It has been hypothesized that granite barrens were historically influenced by periodic 

disturbances, including natural and anthropogenic fires for land clearing events post-European settlement, 

which may have contributed to the maintenance of the open canopy (Catling and Brownell 1999). Surface 

fires and stand replacement fires can occur in this type of ecosystem with mosaic and patchy effects 

(Small, Phillips et al. 2005). Burned stumps and fire scarring on trees suggest a history of fires in the area. 

However, little is known about these past ecological processes and there has been concern expressed by 

conservation agencies that an absence of periodic disturbance is resulting in an encroachment of woody 

species or an extension of the adjacent tree canopy (Catling and Brownell 1999). Extreme weather events, 

like increased temperatures, droughts and winds due to climate change may also modify the structure and 

composition of the granite barrens in the surrounding environment (Ontario Center for Climate Impacts 

and Adaptation Resources 2015). Changes in disturbances could alter these ecosystems by potentially 

decreasing the size of granite barrens or eliminating them from the landscape altogether, as observed in 

grasslands, savannas and barrens elsewhere in North America (Conway and Danby 2014).  

As previously mentioned, the vegetation that grows on and around granite barrens varies and 

often defines the barrens, resulting in different types of granite barren communities including pitch pine 

barrens, jack pine barrens, oak and red maple dominated granite barrens, acidic shrub granite barrens and 

others (Deacon and Ross 2001, McMurtry, Bakowsky et al. 2008). Therefore, the role of fire may vary 
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throughout the Frontenac Arch depending on the representative vegetative composition of the granite 

barrens studied. As the extent of tree encroachment on granite barrens has not been thoroughly assessed 

in the Frontenac Arch, documentation of changes or loss of granite barrens has not been recorded. 

Moreover, a deeper understanding of these factors will help in forecasting how ecosystems might respond 

to natural and anthropogenic impacts and what management approaches these ecosystems will require to 

sustain threatened species into the future (Szabó 2015). 

1.6 Research Goals and Objectives 

The goal of this project is to analyze the dynamics of woody vegetation in and adjacent to granite 

barren ecosystems in the Frontenac Arch region. A deeper understanding of these dynamics will help to 

forecast how granite barrens and surrounding ecosystems might respond to natural and anthropogenic 

disturbances. This research can inform the management approaches that granite barrens may require in 

order to conserve them. This project is rooted in three research objectives: 

1. Assess changes in size of granite barrens within the Frontenac Arch;  

2. If changes have been observed, determine the woody species responsible; and,  

3. Consider the implications of such changes for the long-term conservation and management of 

granite barren ecosystems. 
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Chapter 2 

Methods 

2.1 Study Area 

The Algonquin to Adirondack (A2A) corridor connects the Canadian Shield and the Appalachian 

Mountains of the eastern United States, which helps to maintain and enhance biodiversity across the 

region (Stephenson 2001, Brown and Harris 2005). The A2A corridor is the most extensive north-south 

corridor east of Lake Superior and is a key pathway that allows biota to travel between habitats to “meet 

their annual life cycle requirements, disperse at the population level, and migrate in response to 

disturbance such as climate change” (Miller and Bell 2021). Some of the most substantial threats to 

biodiversity conservation in the A2A corridor include habitat loss or modification, climate change, 

pollution, invasive species, and human-wildlife conflicts (Keddy 1995). The A2A Collaborative is a 

volunteer-led organization with partners from First Nations, Canada and the United States that encourages 

the restoration and protection of landscapes from Algonquin Provincial Park, Ontario to Adirondack Park, 

New York State (Miller and Bell 2021). Thorough knowledge of the species composition and abundance 

throughout the A2A corridor is essential in successfully conserving the biodiversity and the habitat upon 

which they depend (Miller and Bell 2021). Management planning should focus on protecting 

environmental gradients that have a diversity of substrate type depth and moisture, including exposed 

rock and trees, correlated with plant richness, rarity and community structure (Oberndorfer and Lundholm 

2009). 

At the core of the A2A corridor is a region known as the Frontenac Arch, which is an extension 

of the Precambrian Shield with marsh, exposed rock, riverine and forest ecosystems (Keddy 1995). The 

Frontenac Arch extends approximately from Westport, north of Kingston, Ontario to the Indian River 

Lakes area in upper state New York (Jalava, Miller et al. 2019, Nature Conservancy of Canada 2019)  

(Figure 2.1). This area contains a high level of biodiversity due to the mixing of northern and southern 
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forest zones of eastern North America (Brown and Harris 2005, Miller and Bell 2021). Many species, 

including birds, mammals, reptiles and amphibians, use the Arch for migration or dispersal across the 

A2A and may increasingly do so in response to changing climate conditions (Keddy 1995, Stephenson 

2001, Miller and Bell 2021). One reason for the Frontenac Arch’s designation as a UNESCO World 

Biosphere Reserve in 2002 is because forest cover and species diversity are greater than in other adjacent 

regions (UNESCO 2015, Frontenac Arch Biosphere 2021a). Approximately 10.75% of the Frontenac 

Arch area is protected through public and private properties in Canada, of which 1.89% is protected by 

Queen’s University Biological Station (Jalava, Miller et al. 2019).   

The Frontenac Arch supports a distinct ecosystem-type known as granite barrens. Granite barrens 

are areas of exposed bedrock, are typically found on hilltops or ridgetops, and are characterized by sparse 

tree cover and a thin soil layer (Catling and Brownell 1999). Much of the land between the barrens is 

heavily forested, with wetlands, lakes and fields embedded throughout. The granite barrens in the 

Frontenac Arch have been influenced by edaphic factors to evolve into an ecosystem type that serves as a 

haven for rare and threatened species including Ontario’s only native lizard, the five-lined skink 

(Plestiodon fasciatus), highlighting the conservation interest of granite barrens (Catling and Brownell 

1999, Prigge, Huggins et al. 2011). Abrupt or more gradual edge effects can be noted in the vegetation 

surrounding the perimeter of the barren that acts as the transition between the vegetation more commonly 

found in the barren and the surrounding forest (Prigge, Huggins et al. 2011). Loss of granite barren area 

means less habitat available for resident and migratory wildlife (Keddy 1995).  

Situated within the Frontenac Arch, Queen’s University Biological Station (QUBS) offers 

researchers access to studying the range of habitat, flora and fauna characteristic of the region. This 

research project completed a historical aerial analysis and field work that focused on granite barren 

ecosystems on QUBS properties within the Arch (Figure 2.2).  
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2.2 Land Cover Change  

2.2.1 Historical Aerial Photography  

To quantify changes in tree canopy cover of granite barrens, an analysis of land cover change at 

granite barrens across the Frontenac Arch was completed using visual interpretation of digitized aerial 

photographs. This analysis compared aerial imagery that was collected for the Frontenac Arch region 

from 1925, 1965, and 2008. Historic aerial imagery (1925, 1964-1965) was obtained from Queen’s 

University Air Photo Database. Contemporary aerial imagery for the Digital Raster Acquisition Project 

Eastern (DRAPE) Ontario (2008) was obtained online from Scholars GeoPortal. The visual interpretation 

and comparison of historical and contemporary imagery was completed in a GIS environment. As 

assessing the entirety of the Frontenac Arch’s area would be excessively time-consuming, a representative 

sample of the area that included the sites where field work was conducted was selected for analysis.  

The method to assess land cover change of granite barrens using aerial photographs followed a 

process similar to that used by Hellesen and Levin (2014) to estimate the loss of semi-natural grasslands 

in Denmark. First, the aerial photographs were added into ArcMap (ESRI 2011. ArcGIS Desktop: 

Version 10.5 Redlands, CA: Environmental Systems Research Institute) as TIFF files (Figure 2.3). Most 

of the aerial photographs had previously been geographically rectified, and those that were not (flight line 

and frame: HA56-049, A30005-59), were rectified upon entering the GIS environment using eight control 

points at minimum (Table 2.1). Next, a Universal Transverse Mercator (UTM) plane coordinate grid was 

overlaid on top of the aerial photographs. Each cell of the grid measured one square kilometre. The cells 

from the UTM grid initially selected for analysis were the nine containing sites where field work had been 

completed (see section 2.3 below). Since some of the initial nine cells were clustered together, three 

nearby additional cells were randomly selected to extend the geographic distribution of sampling bringing 

the total to 12 UTM cells (Figure 2.4). 

The perimeter of each barren within each cell selected from the UTM grid was digitized as a 

polygon based on imagery from 1925. These polygons were also used for interpretation of the 1965 and 



 19 

2008 imagery. Perimeters of the barrens were digitized from the oldest imagery so as to allow for a visual 

comparison of the land cover change over time.  

In total, 290 granite barrens were drawn as polygons in the 12 selected UTM cells. A grid of 

points spaced at 20 metres was overlaid on each polygon. Grid points extended 20 meters beyond the 

perimeter of each barren to account for potential discrepancies when identifying the granite barren 

boundary and the adjacent forest edge (Figure 2.5). Land cover at each point was visually inspected on 

screen in the 1925, 1965 and 2008 photos and interpreted and classified as being “wooded” (having 

woody vegetation), “barren” (areas of the granite barren that lack woody vegetation) or “other” (example: 

road, water, marsh, or field). Only one image analyst conducted the interpretation of the aerial 

photographs and drew the polygons which helped to maintain consistency and reduce bias. The maximum 

viewing scale when interpreting land cover in the photographs was set at 1:4000 to ensure clarity while 

viewing each point. Brightness and contrast settings were adjusted as required to improve photograph and 

point interpretation.  

2.2.2 Statistical Analysis  

The total proportion of wooded points and the total proportion of barren points for all 290 granite 

barrens were used to determine the mean percentage of both types of land cover points per year of aerial 

imagery (1925, 1965, 2008). The remaining percentage of points for each time period is composed of the 

“other” points (road, water, marsh, or field). A one-way, repeated measures analysis of variance (RM-

ANOVA) was used to test whether there was a statistically significant difference in mean percentage of 

each type of land cover over time. This analysis accounts for correlation between dates, thereby avoiding 

violation of the assumption of independence (Von Ende 2001). The RM-ANOVAs were followed up with 

a post hoc Bonferroni adjustment to account for multiple comparisons. All statistical tests were conducted 

using α = 0.05 and were completed in IBM SPSS Statistics v27.0 (IBM Corp. Released 2020. IBM SPSS 

Statistics for Windows, Version 27.0. Armonk, NY: IBM Corp). 
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The change in land cover points (wooded and barren) over time was plotted against the area of 

the granite barren as drawn from the 1925 imagery. A simple linear regression was used to determine if 

the amount of land cover change was related to the initial granite barren size.  

2.3 Species Age and Composition  

2.3.1 Field Work 

Field work was conducted at 10 granite barren sites at the Queen’s University Biological Station 

(QUBS) (Figure 2.2). Due to additional safety precautions and restrictions on field work practiced during 

the COVID-19 pandemic, the research area could not be expanded to include additional sites within the 

larger Frontenac Arch area. The 10 granite barrens were spatially distinct from one another and were a 

range of sizes to allow for comparisons to be made between larger and smaller field sites. Apart from size, 

these field sites were similar in many ways as they all had large areas of exposed granite rock and similar 

woody vegetation consisting of trees and common juniper shrubs. Sites were selected based on 

accessibility and an approximate minimum of 500 meters distance between sites to maintain spatial 

distinction between the granite barrens. Sites were selected away from hiking trails under the assumption 

that these areas might be less affected by anthropogenic disturbance. A 400 m2 sampling plot was 

established at each field site to facilitate identification, measurement and sampling of woody plants. Field 

work and sample collection occurred between August and October of 2020. The purpose for the field 

work was to determine the composition and age of the woody species responsible for the observed land 

cover changes within the granite barren sites.  

Google Earth was used to view an aerial perspective of the granite barrens and obtain GPS 

coordinates to locate the sites for field work. Upon arrival at each site, the granite barren was first 

explored to determine its relative size and to assess the composition and structure of its woody vegetation. 

The longest orthogonal axes of the granite barren were identified and measured to locate the approximate 

middle of the site and a 20 m x 20 m plot was positioned there (Figure 2.6). The specific location of the 
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plot was adjusted at some sites if woody species density was deemed to be markedly different than the 

rest of the site, thereby ensuring that plots were a representative sample of the barren (Kent 2011). A GPS 

receiver was used to record corner and centre coordinates. The plot was divided into four quadrants to aid 

in the inventory of woody plants. The three growth stages were identified in each plot: (i) trees 

(individuals >1.5 m), (ii) saplings (individuals 0.5-1.5 m), and (iii) seedlings (<0.5 m) (Gutsell and 

Johnson 2002). All trees and saplings in the plot were identified and inventoried to a species level and 

seedlings were restricted to a belt transect in the middle of the plot. 

Height of trees were measured using either a tape measure or clinometer, and diameter at breast 

height (DBH) was measured. Dead trees and saplings were included in the inventory and were also 

measured. Increment cores or cross sections were collected from all trees for the purpose of providing an 

estimate of year of establishment (YOE). Increment cores (n = 73) were typically collected from trees 

with a DBH > 7 cm. A 5.15 mm diameter Hagloff increment borer was used with the intent of coring as 

close to the pith as possible. If the first increment core missed the pith, a second increment core was taken 

in the hopes of achieving a core closer to the pith. Increment cores were stored in labeled drinking straws 

for transport to the laboratory. Samples were taken as close to the ground as possible (typically 30 cm 

above ground level), except if heart rot was encountered or if local topography required the sample to be 

collected higher up the trunk. Cross-sections (n = 65) were obtained from trees with a DBH < 7 cm. 

Cross-sections were obtained as close to the root collar as possible in order to sample the oldest part of 

the stem (Gutsell and Johnson 2002). The coring or cut height of each sample was recorded. 

All saplings in the plot were identified and inventoried to a species level. Height of each 

individual was measured using a tape measure. Dead saplings were included in the inventory and were 

also measured. Samples were not collected from saplings.  

A 20 m x 2 m belt transect passing through the middle of the plot was established to identify the 

composition and abundance of woody seedlings at the site. Two individuals worked together to 

thoroughly search along a line running the length of the entire plot, locating all seedlings and identifying 

them to the species level. A tape measure was used to confirm that they were not in the sapling size class 
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and that they fell within a 1 m distance of the transect centre line. Samples were not collected from 

seedlings. 

Common juniper (Juniperus communis) is the only shrub included in the sample collection as it 

was the most common low-lying shrub present at every granite barren visited. It was important to include 

this woody shrub along with the tree species to accurately portray the most common woody species in 

these granite barren ecosystems (Figure 2.7). A tape measure was used to measure the area of the 

common juniper shrubs rather than record the height. The width perpendicular to the longest length of 

each shrub was chosen for area measurements. The area of sampled common juniper shrubs was recorded 

and identified as being greater than one square meter. Whether each sample was taken from an alive or 

dead individual was also recorded. Cross-sections of common juniper were collected from the largest 

stem as close to the root as possible (n = 104). Multiple samples were collected to assist in aging and 

maximizing the chronology. Common juniper saplings were identified as being less than one square 

meter. Dead juniper saplings were included in the inventory and were measured. Samples were not 

collected from saplings. Common juniper seedlings were identified as being less than 25 cm in the longest 

orthogonal axes. Samples were not collected from seedlings. 

Many of the granite barrens had charred remains of tree stumps scattered throughout. To 

understand the historical role of fire in the granite barrens, these stumps were located and recorded with a 

GPS receiver. The area of each barren was searched as well as 20 m into the adjacent forest for charred 

stumps. While challenging to identify, based on size and remains of the dead charred tree stumps, it was 

believed that they were all eastern white pine, Pinus strobus. 

2.3.2 Laboratory Techniques 

Increment cores and cross sections were prepared for analysis using standard 

dendrochronological techniques (Speer 2010). Increment cores were removed from straws, air dried and 

mounted on wooden sample carriers using wood glue. Mounted cores and cross-sections were sanded 

using a belt sander with progressively finer grits until the surface of each sample was smooth and annual 
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growth rings were visible (maximum grit = 600). After all samples were sanded, the annual growth rings 

for the living tree increment cores and cross-sections (n = 125) and the living common juniper cross-

sections (n = 91) were counted using a stereomicroscope and Velmex sliding-stage micrometer (Velmex 

Inc., Bloomfield, New York, USA).  

Samples from dead trees (n = 12) were aged via cross-dating, which was aided with the use of 

CDendro (Cybis Elektronik & Data, Saltsjöbaden, Sweden) and COFECHA (Laboratory of Tree-Ring 

Research, University of Arizona, Tucson, Arizona, USA) software programs. Samples from the dead 

white oak (n = 1) were cross-dated to a Frontenac Arch chronology developed by Joshi (2016) and dead 

red maples (n = 2) were cross-dated to a similar chronology developed by Stefanuk (2019). Ring width 

series were measured from five white ash samples at our sites and used to aid in cross-dating the dead 

white ash (n = 9). YOE for one dead red cedar could not be obtained due to the individual having a short 

series. This sample came from a dead tree similar in height, DBH and number of growth rings as a living 

eastern red cedar from the same site in the same quadrant. The dead cedar did not have any needles but 

had intact bark and limited decay. This evidence indicates it was a contemporary of the living cedar and 

for aging purposes it was assumed that they established in the same year. Although certainly not accurate, 

the inclusion of this one sample should not skew the remaining data. 

The dead common juniper samples (n = 13) were excluded for analysis because the presence of 

abundant false and missing growth rings made it impossible to accurately cross-date samples without a 

chronology. The challenge of dendrochronological studies with the juniper species has been previously 

documented by many researchers (Towner, Grow et al. 2001, Sarangzai and Ahmed 2011, Kahveci, Alan 

et al. 2018). Juniper may be sensitive to environmental conditions, particularly changes in precipitation 

and drought, which can be demonstrated in changes in radial growth (Kahveci, Alan et al. 2018). Some of 

these changes in growth include missing rings, locally absent rings, false rings and double rings (Wils and 

Eshetu 2007). These irregularities in the wood make cross-dating especially difficult when lacking other 

dendrochronological studies and a chronology (Towner, Salzer et al. 2009, Sarangzai and Ahmed 2011).  
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Three adjustments were applied to inner and outer ring dates after cross-dating. First, in instances 

where coring missed the pith or the sample had a hollow center (n = 50), the number of rings to the pith 

was estimated based on the average width of ring growth of the last 10 visible rings of the sample. These 

growth rings were added geometrically to a scan of the sample in Adobe Illustrator for both trees and 

common juniper. Second, the number of years for trees to reach coring or cut height was estimated and 

subtracted from inner ring dates of samples. Measurements from living tree samples collected close to the 

ground surface (£ 10 cm) were used to plot tree age against tree height (cm). A linear relationship (y = 

0.0874x + 6.1867) was derived and used to solve for the number of growth rings at the sample collection 

height for the trees sampled higher than 10 cm from the ground surface (n = 96). Third, some increment 

core samples (n = 15) had missing inner segments due to severe rot meaning that only a portion of an 

increment core could be retrieved. Rather than discard these samples, the increment core length, visible 

tree rings and DBH of the tree were used to estimate the minimum YOE. The error introduced by these 

three types of adjustments was minimal as only 24 tree and juniper samples had missing ring estimates 

greater than 10, and 78% of all tree increment cores and cross sections were obtained within 30 cm of the 

ground surface. 

2.3.3 Data Analysis of Species Abundance and Composition  

Three general approaches were used to examine the year of establishment data. First, age 

histograms of living and dead trees were constructed by grouping data into decadal age-class frequency 

distributions. Two box plots were then made to visualize the year of establishment of trees. The first 

compared YOE among the 10 field sites while the other compared YOE among all of the tree species. The 

ages of the dead tree samples were included in these comparisons but were also graphed separately. As 

with trees, age histograms for juniper were constructed by grouping YOE data into decadal age-class 

frequency distributions. However, as stated earlier, dead juniper samples were excluded from analysis as 

numerous false and absent growth rings made it impossible to accurately cross-date these samples without 

an accurate chronology. Histograms and box plots were constructed using the Analysis ToolPak Add-in 
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for Microsoft Excel (Mac XLSTAT 2011). Uneven sample sizes across the different sites and across 

species precluded null-hypothesis testing for differences in mean sample age. 

Field data were analyzed to characterize the composition and structure of the woody plant 

community of granite barrens and to assess the variability among sites. Species matrices were constructed 

for each size class (i.e., trees, saplings, seedlings) and rank-abundance curves (Gutsell and Johnson 2002, 

Nekola, Sizling et al. 2008) for each class were generated from data pooled across all sites. Species 

richness in each class as well as across all classes was calculated for each site. Only living individuals 

were included in these analyses so as to provide a characterization of the current woody plant 

communities. Junipers were included in the analysis for each size class. 

DBH measures were used to derive basal area for each living tree and juniper. Summary statistics 

were then derived for each species and each plot. In instances where a tree had two main stems, the 

largest DBH or the DBH that the increment core was obtained from was used. As the common juniper is a 

low-lying shrub and thus does not have a diameter at breast height, the diameter of the largest living 

cross-section was used instead.  

To calculate charred stump density in each granite barren, 10 polygons were drawn in ArcMap 

based on contemporary aerial imagery from 2008– one for each of the granite barrens where field work 

was conducted (Figure 2.8). The polygons used in the air-photo analysis of change were based on granite 

barren perimeters identified from the 1925 aerial imagery. Given that the barrens have changed in size 

over time, it was necessary to draw new polygons. The area of each barren was calculated within 

ArcMap. The GPS coordinates of the charred stumps were input into ArcMap and were converted from a 

Geographic Coordinate System (decimal degrees) to a Projected Coordinate System (UTM Zone 18). The 

number of stumps contained within each polygon was determined and the density at each site was 

calculated. 



 26 

 
Figure 2.1 Geological map of the primary regions in the Algonquin to Adirondacks corridor relative to 
the Frontenac Arch and the different types of bedrock that comprise the area. Image from Algonquin to 
Adirondacks Collaborative (Credit: Map drawn by Ken Buchan, 2014).  
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Figure 2.2 Location of 10 field sites at Queen’s University Biological Station within the Frontenac Arch 
in southeastern Ontario, Canada (background images obtained from Google Earth). 
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Figure 2.3 Flow chart illustrating the steps used in analysis of changes in tree canopy cover. 

 



 29 

 
Figure 2.4 The 12 selected 1 km2 cells where granite barrens at Queen’s University Biological Station 
were selected for analysis in GIS software (background is 2008 DRAPE imagery). 
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Figure 2.5 Example of a 1 km2 cell, showing each granite barren outlined as a polygon as it existed in the 
1925 aerial imagery (top to bottom: 1925, 1965, and 2008). The same area is pictured in all three photos. 
As a sample, one granite barren is selected in blue and is overlaid with points. As seen by the blue 
polygon, barrens that extend beyond the cell boundaries were still included in the analysis.  
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Figure 2.6 Illustration of a granite barren surrounded by the adjacent forest. A 20 m x 20 m plot was set 
up in the approximate middle of the granite barren and all woody species (trees and common juniper) 
within the plot were measured and recorded. 
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Figure 2.7 One of the granite barren field sites in the Frontenac Arch with common juniper, Juniperus 
communis, in the foreground, exposed bedrock, scattered trees, and orange flags representing the bounds 
of the plot (Photo credit: Michelle Cohen).  
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Figure 2.8 Example locations of charred tree stumps found in the granite barren at Site 1. 
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Table 2.1 Characteristics of aerial photographs from each study area. Most of the imagery provided for 
this research had previously been geographically rectified (see text for details).  

Flight Line and Frame Date of Acquisition Photo Scale Resolution (m) 
HA56-049 09/09/1925 1:14,850 1.74 

HA5396-004 09/08/1925 1:15,000 0.88 
HA5398-005 09/08/1925 1:15,000 0.90 
HA5439-006 09/28/1925 1:15,000 0.91 
HA5442-008 09/28/1925 1:15,000 0.93 
HA5444-009 09/28/1925 1:15,000 0.92 
HA5552-007 10/01/1925 1:15,000 0.88 
HA5574-010 10/01/1925 1:15,000 0.86 
A185634011 08/07/1964 1:35,000 1.61 

A18566-35013 08/07/1964 1:35,000 1.65 
A30005-59 07/13/1965 1:12,000 0.66 

DRAPE imagery Spring 2008 NA 0.20 
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Chapter 3 

Results 

3.1 Land Cover Changes From 1925 to 2008 

The mean proportion of points classified as wooded in the 290 granite barrens increased by 

22.5% from 1925 to 2008 (Figure 3.1). The one-way repeated measures ANOVA indicated that at least 

one of the time periods of interest had a statistically significant different proportion of wooded points as 

compared to the others (F = 7478.71, P < 0.001) (α = 0.05) (Table 3.1). Bonferroni-corrected analyses of 

multiple comparisons over time indicated that the difference was statistically significant for all three 

pairwise comparisons (i.e., between 1925 and 1965, 1965 and 2008, and 1925 and 2008) (Table 3.2).  

The mean proportion of points classified as barren in the same 290 sites decreased by 25.3% over 

the same time period (Figure 3.1). The one-way repeated measures ANOVA indicated that at least one of 

the time periods of interest had a statistically significant different proportion of barren points as compared 

to the others (F = 2542.003, P < 0.001) (α = 0.05) (Table 3.3).  Bonferroni-corrected analyses of multiple 

comparisons over time indicated that the difference was statistically significant for all three pairwise 

comparisons (i.e., between 1925 and 1965, 1965 and 2008, and 1925 and 2008) (Table 3.4). 

The R2 value is a statistical measure of fit that indicates how much variation of the amount of 

land cover change is explained by the size of the granite barrens. An R2 value and linear relationship for 

wooded points (R2 = 0.0223, y = 0.0444x + 0.0545) and for barren points (R2 = 0.0333, y = -0.0457x - 

0.0769) were derived (Figure 3.2). The results are significant as indicated by the p-values for both the 

wooded and barren points (P = 0.0109, P = 0.0018, respectively) (α = 0.05). As indicated by the R2 of 

both types of points, approximately 2% and 3% of the observed variation in the respective wooded and 

barren points can be explained by the size of the granite barrens. 
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3.2 Dendroecological Analysis 

A total of 138 tree samples were collected, identified to the species level and aged using 

dendrochronological techniques. 12 trees were greater than 100 years, half of the trees sampled were 

between 50-99 years (n = 69) and less than half of the trees sampled were between 8-49 years (n = 57). 

The average estimated year of establishment of all sampled trees was 1959 (SD = 29.8) (Figure 3.3). Tree 

establishment increased in the first half of the 20th century, peaked in the 1960s and 1970s, and declined 

thereafter. The youngest sampled tree was a black cherry (Prunus serotina) that established in 2012 and 

the oldest sampled tree was a white oak (Quercus alba) that established in 1854. 

The differences in sample size across species should be considered before making any 

comparisons within the box plot (Figure 3.4). White ash (Fraxinus americana) and eastern red cedar 

(Juniperus virginiana) were the most abundant species sampled and had similar mean years of 

establishment (1956 and 1963, respectively). Both species also had very similar ranges in year of 

establishment, spanning the 1940s to early 1970s. However, two white ash were dated much earlier (1869 

and 1890). Despite white oak having a small sample size (n = 5) as compared to white ash or eastern red 

cedar, it had the largest variation in year of establishment (1854 – 1978). Individuals of the species with 

smaller ranges of variability (red oak, black cherry, downy arrowwood, ironwood and common 

serviceberry) did not establish before the 1960s. Shagbark hickory (Carya ovata) also had a small range 

of variability, but both of its samples established in the mid to late 1870s (1876 and 1877). These smaller 

ranges of variability may in part be due to small sampling sizes. It should also be noted that these species 

with smaller ranges of variability, with the exception of downy arrowwood (Viburnum rafinesqueanum) 

and common serviceberry (Amelanchier arborea), were less abundant in the other size classes (as 

mentioned in section 3.3).  

The differences in sample size across sites should be considered before making any comparisons 

within the box plot (Figure 3.5). Site 9 had the greatest number of samples collected (n = 40); however, it 

also had the smallest range of variability of year of establishment. Six trees established outside of this 
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range and are represented as outliers. These included white ash (1995 and 1869), ironwood (Ostrya 

virginiana) (1997 and 2005), white oak (1854) and eastern red cedar (1920). The outliers at Site 2 

included both shagbark hickory samples (1876 and 1877). Site 3 was excluded from the list of sites as 

trees were absent at this field site and only common juniper were present. Sites 1, 2, 4, and 9 had similar 

ranges of variation between 1945 to 1984. The differences in ranges of variability may in part be due to 

small sampling sizes.  

There was variation among year of establishment and mortality across the 13 dead trees. The 

average year of establishment of the dead trees was 1942 (SD = 29.7) and the average year of death was 

2000 (SD = 19.3) (Figure 3.6). The earliest year of establishment of the dead trees was from a white oak 

sample which lived from 1880 to 1950. The latest year of death recorded from the dead trees was from a 

white ash sample in 2019. These averages include the uncertain date of the single eastern red cedar 

sample (described in the Methods).  

A total of 91 living common juniper (Juniperus communis) samples were collected and aged from 

the 10 sites. We were unable to accurately date the 13 dead common juniper samples (as previously 

described in the Methods). Year of establishment of the living juniper stems ranged from 1948 to 2014. 

Of these samples, 4 shrubs were greater than 50 years and 87 shrubs were less than 50 years. As well, 

80.2% of all stems established between 1980 and 2005 (n = 73) and none established in 1950. The 

average year of establishment was 1991 (SD = 11.4) (Figure 3.7). 

3.3 Species Abundance and Composition 

Tree density varied among sites. There was an average of 21.6 trees (including large common 

juniper) in each of the 10 plots, but this ranged from 2 individuals at Site 3 to 53 at Site 9 (Table 3.5). 

Total basal area averaged 0.2 m2 per 400 m2 but these values also ranged significantly, from 0.002 m2 per 

400 m2 (Site 3) to 0.532 m2 per 400 m2 (Site 9) (Table 3.5). White ash had the largest mean basal area per 

site and downy arrowwood had the smallest (Figure 3.9). Common juniper and white ash were the most 

abundant woody species (Figure 3.9). Common juniper was present at every site, and white ash and 
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eastern red cedar were present at 80% of the sites. In contrast, shagbark hickory, downy arrowwood and 

red maple (Acer rubrum) were the least common tree species and were present at only 10% of sites. 

Downy arrowwood seldom grows to be > 1 meter tall, so it is rare that it was measured to be > 1.5 meters. 

A table showing species distribution for each field site are available (see Appendix B).  

Sapling abundance also varied among the 10 plots. There was an average of 23.3 individuals at 

each site, but this ranged from 1 individual at Site 5 to 48 individuals at Site 2 (Table 3.5). An average of 

4.5 species fell into the sapling size class at each site (Table 3.5). Species with the greatest mean number 

of individuals per field site were downy arrowwood, common serviceberry, eastern red cedar, and 

common juniper (Figure 3.10). Common juniper and eastern red cedar were the most frequent species, 

found at 90% and 70% of field sites, respectively. Hairy honeysuckle (Lonicera hirsuta) and staghorn 

sumac (Rhus typhina) were the least frequent species in the sapling class, each found at 10% of field sites.  

The most abundant woody seedlings found in the 20 m x 2 m belt transect were downy 

arrowwood, white ash and common juniper (Table 3.6). Woody seedling abundance and species richness 

were summarized across the 10 granite barren field sites (Table 3.6). The mean abundance of woody 

seedlings at a field site was 10.7 (SD = 15.0) and the mean species richness was 3.5 (SD = 2.6). Site 9 had 

the greatest abundance of woody seedlings while Site 3 did not have any seedlings within the belt 

transect.  

The mean area of a granite barren where field work was conducted was approximately 0.3 

hectares, ranging from 0.063 ha to 0.814 ha (Sites 3 and 10, respectively) (Table 3.7). The mean number 

of charred tree stumps found within the surveyed granite barrens was 4.5, with a mean density of 22.6 tree 

stumps per hectare (Table 3.7). The most charred stumps were found at Site 3 and stumps were entirely 

absent within the bounds of Site 9. All charred stumps appeared to be eastern white pine (Pinus strobus). 
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Figure 3.1 (a) Means and standard deviation of the wooded points for 290 granite barrens over time. (b) 
Means and standard deviation of the barren points for 290 granite barrens over time. Values in 
parentheses are ± 1 standard deviation. 
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Figure 3.2 (a) Relationship of the change in wooded points over time and the size of 290 granite barrens 
based on the 1925 imagery. Linear relationship and R2 value included. (b) Relationship of the change in 
barren points over time and the size of 290 granite barrens based on the 1925 imagery. Linear relationship 
and R2 value included. 
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Figure 3.3 Decadal frequency distribution of year of establishment (in decadal bins) of living and dead 
tree samples, excluding common juniper samples, across all 10 sites. 
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Figure 3.4 Year of establishment of living and dead trees categorized by species. The “n” represents 
sample size. The “x” represents the mean, the line in the middle of the box represents the median, boxes 
encompass the lower and upper quartiles (25% and 75%), the whiskers represent the minimum and 
maximum data point, excluding outliers. Outliers, represented as circles, are any value that are higher or 
lower than their respective quartile by more than 1.5 times (interquartile range). 
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Figure 3.5 Year of establishment of living and dead trees categorized by field site. Box plots were 
constructed as in Figure 3.4. Site 3 is excluded from the list of sites as trees were absent at this site; only 
common juniper was present.  
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Figure 3.6 Ages of dead stems sampled at all 10 field sites in order of site. Solid horizontal lines 
represent life spans of individual trees. The dashed horizontal line is indicative of uncertainty in dating 
due to a short ring-width series. 

  

1880 1900 1920 1940 1960 1980 2000 2020

Red maple (Site 1)

White ash (Site 1)

White ash (Site 4)

White ash (Site 5)

White ash (Site 5)

Red maple (Site 6)

White oak (Site 6)

Eastern red cedar (Site 8)

White ash (Site 9)

White ash (Site 9)

White ash (Site 10)

White ash (Site 10)

White ash (Site 10)

Year



 45 

 
Figure 3.7 Decadal frequency distribution of year of establishment (in decadal bins) of living common 
juniper samples across all 10 sites. 
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Figure 3.8 Mean basal area of living trees and common juniper per field site (400 m2). 
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Figure 3.9 Mean number of living trees and common juniper per field site. Error bars are intentionally 
excluded from this data representation as the lack of so many types of species in so many plots resulted in 
wide error bars. 
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Figure 3.10 Mean number of living saplings per field site. Error bars are intentionally excluded from this 
data representation as the lack of so many types of species in so many plots resulted in wide error bars. 
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Table 3.1 Results of the repeated measures ANOVA on survey points classified as wooded in aerial 
imagery from 1925, 1965, and 2008. 

Source Type III 

Sum of 

Squares 

df Mean 

Square 

F-value P-value Partial Eta 

Squared 

Intercept 394.855 1 394.855 7478.71 < 0.001 0.963 

Error 15.258 289 0.053 
   

 

Table 3.2 Adjustment for multiple comparisons for the wooded points: Bonferroni.  

(I) Time (J) Time Mean Difference 

(I-J) (%) 

Standard 

Error 

P-value 

1965 1925 14.4* 0.007 < 0.001 

2008 1925 22.5* 0.009 < 0.001 

2008 1965 8.2* 0.007 < 0.001 

 

Table 3.3 Results of the repeated measures ANOVA on survey points classified as barren in aerial 
imagery from 1925, 1965, and 2008. 

 

Table 3.4 Adjustment for multiple comparisons for the barren points: Bonferroni.  

 
 
 
 
 
 

  

Source Type III 

Sum of 

Squares 

Df Mean 

Square 

F-value P-value Partial Eta 

Squared 

Intercept 58.089 1 58.089 2542.003 < 0.001 0.898 

Error 6.604 289 0.023 
   

(I) Time (J) Time Mean Difference 

(I-J) (%) 

Standard 

Error 

P-value 

1965 1925 - 15.2* 0.007 < 0.001 

2008 1925 - 25.3* 0.007 < 0.001 

2008 1965 - 10.0* 0.007 < 0.001 



 50 

Table 3.5 Composition of living trees, common juniper and woody saplings found in the 10 granite 
barren field sites. 

  Trees and Common Juniper Saplings 

Site Abundance 
Species 

Richness 

Total Basal Area 

per Site (400 m2) 
Abundance 

Species 

Richness 

1 16 3 0.118 24 2 

2 25 8 0.370 48 7 

3 2 1 0.002 3 3 

4 28 5 0.081 36 7 

5 4 3 0.083 1 1 

6 18 4 0.163 40 5 

7 18 4 0.098 46 5 

8 35 4 0.414 10 4 

9 53 6 0.532 18 7 

10 17 4 0.167 7 4 

Mean (±SD) 21.6 (±14.9) 4.2 (±1.9) 0.20 (±0.17) 23.3 (±18.1) 4.5 (±2.1) 
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Table 3.6 Abundance and composition of woody seedlings in the 20 m x 2 m belt transect at each of the 
10 granite barren sites. 

Species Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 Site 8 Site 9 Site 10 Total 

Downy 

arrowwood 

1 1 - - - 2 2 1 26 - 33 

White ash - 3 - 2 1 16 - - - - 22 

Common juniper 1 1 - - - 1 1 - 15 2 21 

Common 

serviceberry 

- - - - - 4 - 4 1 - 9 

Eastern red cedar - - - - - 1 1 1 - 1 4 

Highbush 

blueberry 

- - - - - - 3 - - - 3 

Ironwood - - - - - - - - 3 - 3 

Birch - 2 - - - - - - - - 2 

Red oak - 2 - - - - - - - - 2 

White oak - 1 - - - - - - 1 - 2 

Black cherry - - - - 1 - - - - - 1 

Hairy 

honeysuckle 

- - - - - - - - 1 - 1 

Prickly ash - - - - - - - - 1 - 1 

Red maple - - - - - 1 - - - - 1 

White 

meadowsweet 

- - - - - - 1 - - - 1 

White pine - 1 - - - - - - - - 1 

Total Abundance 2 11 0 2 2 25 8 6 48 3 107 

Species Richness 2 7 0 1 2 6 5 3 7 2 16 
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Table 3.7 Composition of the charred tree stumps found at the 10 granite barren field sites. 

Site Granite Barren 

Area (hectares) 

Charred Tree Stumps 

in Granite Barren 

Density of Charred Tree 

Stumps (per hectare) 

1 0.153 5 32.8 

2 0.564 2 3.5 

3 0.814 10 12.3 

4 0.245 7 28.5 

5 0.215 1 4.7 

6 0.231 3 13.0 

7 0.359 6 16.7 

8 0.170 6 35.3 

9 0.101 0 0.0 

10 0.063 5 79.5 

Mean (±SD) 0.292 (±0.232) 4.5 (±3.0) 22.6 (±23.5) 
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Chapter 4 

Discussion 

The results of this research indicate significant changes in woody plant cover and composition in 

granite barrens over the past 100 years. Based on repeat aerial photography, the cover of woody species in 

and around the granite barrens increased significantly by 22.5% and the open granite barren area 

significantly declined by 25.3% over the study period. This aligns with the results of the dendroecological 

analysis which indicated that the majority of trees established within this time frame, with a peak of 

establishment occurring in the 1960s and 1970s. Most of the common juniper shrubs are estimated to 

have established between 1980 and 2000. Collectively, these results indicate that granite barrens at 

QUBS, within the Frontenac Arch, have changed substantially since the early 1900s – gradually being 

colonized by trees and shrubs and losing their distinctly open character. The most common woody species 

to have colonized the granite barrens were common juniper, white ash, and eastern red cedar. The 

presence of charred tree stumps at the field sites indicates a history of fire on the landscape, although the 

timing, frequency, and cause of these events is unknown. These results suggest that the long-term 

presence of open granite barrens is threatened, and management plans should be implemented to preserve 

these ecosystem types to provide habitat for at risk species. In this chapter, we discuss these specific 

outcomes and explore reasons why these changes and trends may have occurred. The historical role of 

fire in areas surrounding the Frontenac Arch and the potential impact of fire on the most abundant woody 

species is also discussed, alongside factors to consider before exploring prescribed burns as a 

management tool. 

4.1 Patterns and Processes of Change 

4.1.1 Aerial Photography Interpretation 

The observed decline in open granite barren area was somewhat expected since there has been 

concern expressed that woody species have been encroaching or extending their cover as part of the 
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adjacent tree canopy onto granite barrens in the Frontenac Arch (Catling and Brownell 1999). However, 

we had no prior expectations about the timing of decline. The aerial photography analysis indicated that 

the mean increase in wooded area was larger in the 1925-1965 period (14.3%) than it was in the 1966-

2008 period (8.2%). Similarly, the mean reduction in open area coverage was also larger in the 1925-1965 

period (15.3%) than it was in the 1966-2008 period (10.0%). Despite this difference, the trends were not 

divergent. While the infilling of woody plants may have slowed somewhat in the latter part of the 1900s, 

most barrens appear to have experienced infilling throughout the entire study period.   

Our inspection of the photographs indicated that the granite barrens experienced infilling in two 

distinct, but not independent, modes: (i) around their edges as trees and shrubs encroached gradually and 

adjacent tree canopies enlarged, and (ii) as tree and shrub propagules dispersed into the centres of barrens 

and established lone-growing individuals over time. We also noted that some barrens shrunk through 

time, while others fragmented into multiple smaller barrens. Although we did not explicitly measure this 

spatial pattern of infilling, our analysis of the rate of infilling in relation to the initial area of granite 

barrens helps in assessing this. We initially hypothesized that smaller barrens would be more susceptible 

to increased woody cover as there would be less open area exposed and it may be quicker for woody 

plants to colonize across a smaller area than a larger barren. However, the R2 of both relationships were 

only marginally greater than zero, indicating that the rate of infilling was not related to the initial area of 

the granite barrens. Thus, smaller barrens did not experience greater rates of change than larger barrens. If 

the rate of infilling was strongly negatively related to granite barren size, it would suggest that woody 

plant encroachment from the adjacent canopy was a more predominant process than lone propagules 

establishing in the centre of barrens. However, as this was not observed and we did not directly test for 

spatial pattern of infilling, we are unable to address whether one mode of infilling was more common than 

another.  
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4.1.2 Dendroecological Analysis 

The results from the dendroecological analysis are consistent with the aerial photography 

analysis, demonstrating that trees and shrubs encroached into granite barrens throughout the 20th century. 

Ages of 138 trees sampled from the 10 granite barrens indicate a general absence of tree establishment 

earlier than 1900 and a peak of establishment in the 1960s and 1970s. More than 40% of all trees 

established during these two decades and nearly 75% established since 1950. While it may appear as 

though establishment stopped after 2000, these individuals were likely too young and small to be captured 

in our sampling and would have been categorized as a sapling or seedling. 

Approximately 80% of the common juniper shrubs that were sampled established between 1980-

2005, indicating more recent establishment than the trees. However, it is likely that this data is somewhat 

skewed since we were unable to date 13 dead junipers. It should be considered that these other juniper 

shrubs may have established and/or even died prior to the 1980s.  

4.1.3 Species Abundance and Composition Analysis  

Granite barrens exist in areas with shallow soil and have high light exposure (Sharitz and 

McCormick 1973), which can be unfavorable conditions for many temperate woody species (Catling and 

Brownell 1999, Jalava, Miller et al. 2019). So, while some woody species may be able to produce a 

seedling or develop into a sapling, it does not necessarily mean they will be able to mature to become an 

established individual. This was observed in our results as the most common species of seedling in each 

plot was not necessarily the most common species of sapling or tree.  

The species inventory at our sampling sites revealed that white ash, eastern red cedar, and 

common juniper were the most common woody species colonizing the barrens and reaching maturity. 

Samples of white ash ranged in YOE from 1869-1995 (as seen in the Results). White ash is known to 

have an extensive root system that requires high-quality soil (Gilman and Watson 1993). As nutrient rich 

and deep soil is not characteristic of granite barrens, it is unclear why white ash are the most abundant 

species at the sites. Still, white ash is often considered an early successional woody species that is 
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resistant to heat with a preference for high sun exposure (Gilman and Watson 1993, Wright and Fridley 

2010). These characteristics would allow white ash to establish successfully in areas where suitable 

pockets of soil exist and to successfully mature in granite barren conditions.  

Samples of eastern red cedar ranged in YOE from 1920-2008 (as seen in the Results). Eastern red 

cedar has been observed colonizing other types of open ecosystems in many parts of central and eastern 

North America (Chapman, Engle et al. 2004, Pierce and Reich 2010, Fogarty, Roberts et al. 2020, 

Lovseth, Groninger et al. 2021). This is generally thought to be due to a combination of increased drought 

and fire suppression (DeSantis, Hallgren et al. 2011). Eastern red cedar is drought tolerant and highly 

adapted to water-limited conditions (Torquato, Zou et al. 2020), and therefore capable of surviving in the 

shallow soils of granite barrens. Furthermore, their establishment has been shown to be limited in 

ecosystems where fire is frequent (Beilmann and Brenner 1951, Launchbaugh and Owensby 1978). If fire 

was once more common in granite barrens, then it’s reduction would no longer suppress the establishment 

of eastern red cedar, which could account for its increased abundance.  

Samples of common juniper ranged in YOE from 1948-2014 (as seen in the Results). Common 

juniper tend to occupy moist, sandy or rocky soil and are commonly found in open environments 

including alvars, rock outcrops and old fields (Northern Ontario Plant Database 2022). We were unable to 

determine the age of the entire shrub as we could only date the living stems and it is possible that the 

shrub has an older dead stem. A literature search indicated a range in the average lifespan of common 

juniper shrubs between 60 years and upwards of 100 years (Ward 1982, Diotte and Bergeron 1989), but 

did not yield information on the life expectancy of individual stems. It is likely that these shrubs 

established earlier than our dendrochronological results suggest. These qualities of the common juniper 

corroborate why it is such an abundant species across the field sites and why many shrubs appear to have 

only recently established since the 1980s.  

While white ash, eastern red cedar and common juniper are considered “abundant” on QUBS 

properties (Conboy and Crowder 2009), there are dozens of other woody species native to the region. 

Other “abundant” species include eastern white pine, eastern white cedar, bitternut hickory, ironwood, 
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common white oak, northern red oak, American elm, pin cherry, staghorn sumac, red maple, sugar maple, 

and American basswood (Conboy and Crowder 2009). While some of these species were found at various 

stages of growth in and around the granite barrens, they were not abundant at the sites we sampled. The 

openness of the barrens, the harsh microclimate conditions, and poor soil quality likely made it more 

challenging for these other species to establish themselves in this type of environment. 

4.2 Methodological Limitations  

4.2.1 Aerial Photography 

While manually interpreting aerial photography is effective for understanding historical and 

contemporary landscape changes, it becomes even more valuable when ground validated with field work 

as shown in this research. By coupling both of these classic methods, we are able to enlarge the reference 

area of study, gain a more specific timeline of when species began infilling the granite barrens, and 

identify the species responsible for the increased woody coverage. The field work served as a type of 

ground validation of the landscape as we were able to precisely indicate the dates of woody plant 

establishment indicated in some of the aerial photos analyzed. Despite clear trends in our results, there 

were some methodological considerations that may have impacted their accuracy.  

The quality of the aerial photographs improved over time making the imagery easier to interpret 

as they became more recent. Despite their larger scale, the 1925 aerial photographs were blurry and poor 

in contrast relative to the 1964/65 aerial photographs, which made interpretation challenging at times. In 

some instances, it was challenging to identify certain landscape features such as a marsh or other water 

bodies depending on local conditions, making it difficult to differentiate these areas from the forests or 

granite barrens. To overcome this challenge, brightness and contrast settings were adjusted and the other 

aerial photos were used to compare and clarify the imagery. The colour imagery from 2008 made the 

contemporary imagery more easily interpretable than the black and white imagery from 1925 and 

1964/65. 
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The results of the aerial photography analysis are inclusive of, and do not differentiate between, 

an increase in the extent of canopy coverage, an increase in tree establishment, and an increase in woody 

plant encroachment. We chose to assess land cover change using a point grid rather than an alternative of 

tracing new polygons for each barren over time because it would be impossible to accurately compare the 

barrens when the quality of aerial photographs changes over time. Consistency was maintained through 

the use of the point grid approach overlaid on the same polygons as based on the 1925 interpretation as 

the same exact points could be compared over time through the analysis. This approach also allowed for a 

greater sample size because it was more effective than tracing new polygons of the granite barrens each 

year and it allowed for a greater area within the Frontenac Arch to be assessed. However, it prevented an 

analysis of the changes in spatial pattern or relative fragmentation of individual barrens through time.  

While the statistical analysis of the aerial photography data focused on the increase of vegetation 

and decrease of open granite barren area, there was a third category of the data points that we referred to 

as “other”, which included road, water, marsh, or field. We did not assess changes of the “other” points 

over time as there were few in comparison and we did not think the data was necessary for assessing 

woody plant infilling or encroachment. However, their presence in various images indicates that a small 

number of barrens were influenced by factors other than processes discussed here. 

4.2.2 Dendroecology 

The goal of aging the samples was to determine the year of establishment of the woody 

vegetation. While we did not measure ring widths of most of the samples, we did visually cross-date the 

samples to account for locally absent rings, which yielded accurate ring counts over the period of record. 

Moreover, the adjustments we applied to ring counts (e.g. to account for samples obtained above ground 

surface and to account for rings missing from the center of the sample) were based on established 

techniques in dendrochronology (Speer 2010). Although we may not have determined the precise year of 

germination for each sample, we adequately approximated a minimum year of establishment that was 
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certainly within a 10-year window. We used decadal bins in the frequency distribution analysis, so any 

minor inaccuracies in age estimation would not have influenced the interpretation of the results. 

The dead common juniper samples could not be cross-dated and were excluded from 

dendrochronological analyses because we lacked a chronology. Without a master chronology, it was 

impossible to effectively date these dead juniper samples. We were able to cross-date living samples by 

comparing earlywood and latewood. The lifespans of the individual living stems were too short to be used 

to cross-date the dead stem samples.  

4.2.3 Species Composition  

Sampling design and plot placement to ensure representativeness is a longstanding discussion in 

vegetation science (Kent 2011). While we tried to consistently place our plots in the very center of each 

barren, we did occasionally move it with the goal of achieving a more accurate representation of the plot. 

However, the plot was never moved so much that it was close to the edge of the barren and the adjacent 

forest. The purpose of field work was to collect data from woody vegetation that were characteristic of the 

species age and composition of the sites, rather than studying the transition of vegetation from the 

adjacent forest to the granite barren. For example, if plots were set up along the edge of the granite barren 

and forest, it is likely there would have been a greater abundance of ironwood, oak, and maple. It is also 

expected that the trees may be older as their establishment would not be as stressed by the challenging 

growth conditions present in the microclimate on granite barrens. 

Site 3 was the largest granite barren where we conducted field work and it had the least 

abundance of woody vegetation, with no established trees and only common juniper shrubs. The absence 

of tree establishment data from this site may have impacted our results as it reduced the total number of 

tree samples studied in the dendroecological and composition analyses. Though, we thought it was 

important to include this site to demonstrate the differences present at granite barrens within the 

Frontenac Arch. One reason why this granite barren may have had such a low abundance of woody 

vegetation is because it is a large area, mainly flat on a hilltop so the constant sun exposure may 
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contribute to already harsh conditions of the granite barren, potentially making it more challenging for 

woody species to establish.  

4.3 Causes of Change 

There have been several other studies of contemporary vegetation change in the rock barrens, 

alvars and savannahs of eastern North America (Arabas 2000, Archer, Andersen et al. 2017, Flinn, Mikes 

et al. 2017). A common conclusion of these is a widespread trend toward woody plant encroachment 

since the early 1900s. Several causes for this have been suggested, including changes to natural 

disturbance regimes, soil quality, and climate change (Bernard and Seischab 1995, Scholes and Archer 

1997, Catling and Brownell 1999, Vellend, Bjorkman et al. 2008, Lovseth, Groninger et al. 2021). Each 

of these is considered as causes of change in this discussion. However, we recognize that there are 

possible interactions among all of these, and it is difficult to completely isolate the effects of one from the 

other, especially since these factors also contribute to broad-scale variation in the rate of plant community 

succession in eastern temperate forests (Wright and Fridley 2010). Furthermore, the last 300 years of 

vegetation change in southern Ontario has been heavily influenced by European settlement and we also 

consider the role that logging and land clearance may have had on the nature/character of these 

ecosystems. 

Changes in fire regime have been some of the most frequently cited causes of woody plant 

encroachment in rock barrens, alvars, and savannah ecosystems (Twidwell, Rogers et al. 2013, Petersen 

and Drewa 2014, Fogarty, Roberts et al. 2020). As mentioned in the literature review, natural or 

anthropogenic fire contribute to the maintenance of the Nottingham Serpentine Barrens, in Pennsylvania-

Maryland (Arabas 2000). Between 1937 and 1993, the savanna area decreased by half and hardwood 

forest area increased in part due to the absence of fire disturbances (Arabas 2000). The research suggests 

that less frequent fire may contribute to savannas and open woodlands transforming into closed forests 

(Arabas 2000). Another example from the literature review discussed how the restriction and suppression 

of fires has contributed to the increased woody plant encroachment into grasslands in Nebraska 
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(Twidwell, Rogers et al. 2013, Fogarty, Roberts et al. 2020). Monitoring woody land cover change from 

2000-2017 indicated that woody plants have been encroaching onto grasslands. Specifically, Loess 

Canyons achieved grassland stability and reduced woody plant cover largely due to prescribed burns that 

limited woody plant encroachment (Uden, Twidwell et al. 2019, Fogarty, Roberts et al. 2020). Both of 

these examples illustrate how the absence of fire can lead to the proliferation of vegetation. 

Natural and anthropogenic fires historically played an influential role in the distribution and 

composition of southern Ontario vegetation (Van Sleeuwen 2006). Prior to European settlement, 

Indigenous peoples engaged in burning practices to clear land and to promote grass production for habitat 

and forage for game (Dey and Guyette 2000). Fires were also set naturally by lightning, although Lorimer 

and White (2003) argue this was less common in northeastern North America because lightning strikes 

occur primarily during the growing season and are often accompanied by rain (Lorimer and White 2003). 

More recently, fires were used widely by European settlers to clear land for agricultural development 

(Van Sleeuwen 2006). 

Although the precise history of fire at our sites is unknown, fire has been shown to have been a 

historically important agent of recent vegetation dynamics in other granite barrens on or near the 

Frontenac Arch. Several intense fires have been documented from the Kaladar Jack Pine Barrens, 60 km 

west of our study area, from the 1880s and more recently the early 1930s. The causes of these were both 

natural and anthropogenic, with intentional fires prescribed to stimulate blueberry production (Brownell 

1994). However, there have been no major fires in the region since around the 1960s (Catling and 

Brownell 1999). Evidence of fires from granite barrens in Thousand Islands National Park, 40 km 

southeast of our study area, also exists. Fire scar data dates back to the 1900s and several conifer-

dominant sites saw light to moderate intensity fires every 8 to 35 years (Rogeau 2007). It is likely that 

most of these were anthropogenic fires. Few fires have been recorded in the park since the 1950s with an 

increase in wildfire awareness (Rogeau 2007, Parks Canada 2018). It is also assumed that fire was once a 

more frequent process in these ecosystems to maintain the survival of pitch pine stands in the region, as it 

is a fire-adapted species (Ledig and Little 1979, McPherson 2006). Finally, just 10 km west of our study 
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area is Frontenac Provincial Park which is located within the Great Lakes St. Lawrence Forest Region 

where low-intensity surface fires can be frequent and high-intensity fires occur at longer intervals (Van 

Sleeuwen 2006). The northern part of the park contains a combination of fire-sensitive sugar maple and 

comparatively fire-tolerant oaks and thus the absence of fire disturbances would favour the maples and 

the oaks would be outcompeted (Van Sleeuwen 2006, Bateman 2016). The evidence of historic fires in 

the barrens of the Frontenac Provincial Park Management Plan led Bateman (2016) to speculate that 

periodic fires would “maintain, and possibly expand, the rock barren communities across the southern 

part of the park”. If fire was a historically important agent in maintaining the open canopy of granite 

barrens, then its diminished frequency has likely contributed to the increases in woody plant cover we 

observed.  

The frequent occurrence of charred white pine stumps in our sampling sites (as well as at other 

sites which we visited) certainly indicates that fire was an important disturbance agent in the past. 

However, data from our sampling sites indicates that eastern white pine is not a common woody species 

in today’s granite barrens, either as a tree, sapling or seedling. Yet the data revealed from our charred 

stump inventory indicate that white pine was a common, and perhaps ecologically dominant, species at 

these sites in the past. Based on the size of these stumps, the total basal area of white pine in these barrens 

would have been greater than that of all woody species found today. This indicates that today’s granite 

barrens are structurally and floristically very different than they were in the past.  

The transformation of the southern Ontario landscape as a result of European settlement was 

intensive and widespread. During the 1800s, large areas of forest were logged and subsequently burned to 

clear land for agriculture (Riley 2013). White pine was one of the most economically important species 

and was heavily logged throughout Ontario (Reid and Holland 1996). Land clearance and repeated 

burning is known to have led to immense soil erosion, which resulted in poor forest regeneration in many 

regions. In an early report on the effect of land clearance activities in the Peterborough region, C.D. Howe 

(1915) wrote: 
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“The soil on the crests of the ridges is very thin, and often entirely lacking, although there are 
crevices and pockets on most of them with soil deep enough for scattered tree growth. In 
studying the conditions on these ridges, one cannot but be convinced that the soil was, at one 
time, much more generally distributed and deeper than at present. One frequently finds 
stumps of trees from one foot to two feet in diameter on bare rock, in such a position that the 
roots could not have penetrated crevices. The trees could not have germinated and lived for 
many years on bare rock. Then, too, trees still standing on bare rock are held up by roots 
extending into crevices several feet from the base of the tree. There must have been soil at the 
base of the trees when they started in life. One needs only to note, after a heavy rain, the 
accumulations of soil washed down from above, to be impressed by the rapidity of the soil 
erosion on these ridges. The soil washing is the result of the repeated fires, which kill and 
loosen the natural retainers, the roots of the trees and shrubs, and the decaying vegetable 
matter.” (page 172). 

 
Our observations of large charred stumps atop granite ridges, combined with Howe’s observations of the 

extensive loss of soil and poor regeneration thereafter, opens the possibility that some of the granite 

barrens that exist today were completely forested in the past and that the size and frequency of barrens on 

the Frontenac Arch may have increased as a consequence of land clearance activities in the 1800s. 

Other disturbances, notably disease, may also have altered the vegetation of granite barrens and 

may again in the future. Many of the trees in our plots established in the 1960s and 1970s, shortly after 

Dutch elm disease was introduced to eastern Ontario and killed the majority of mature American elms, a 

formerly common species (Ontario’s Invading Species Awareness Program 2021). Its absence created 

forest canopy gaps, enabling other species to persist (Ahlgren and Ahlgren 1983). The pulse of tree 

establishment noted during the 1960s and 1970s could have been influenced by canopy gaps caused by 

the death of mature trees. Even so, young American elms remain common on the Frontenac Arch as the 

fungus does not generally affect elm trees until after they reach reproductive age (Tree Canada 2022) and 

yet we did not observe any elm seedlings and only a few saplings in our plots. 

More recently, in the early 2000s an invasive insect known as emerald ash borer was discovered 

in Ontario and has been infesting white ash trees (Government of Ontario 2014b). The recent infestation 

of these borers could result in a substantial change of species composition in the barrens in future years as 

ash trees, a commonly abundant species in the region, die out and may be replaced by another species.  
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The existence of barrens is limited to locations where edaphic factors are most constrictive of 

woody vegetation growth (Catling and Brownell 1999). Nutrient deficient thin soils or lack thereof, 

extreme heat and periodic drought in the summer can limit tree cover, resulting in the characteristic 

openness of granite barrens (Catling and Brownell 1999). Granite barrens are typically long and narrow 

following the structure of the barrens across hilltops and ridgetops, typically where soils tend to be the 

thinnest, as evident in the polygons drawn in our aerial image analysis. Areas where soil depth has 

increased and where cracks within the granite have developed over time can be susceptible to woody 

plant establishment. Increased soil depth can be achieved after initial plants are established and materials 

transported by wind and water are caught up in in the living and dead plant parts (Burbanck and Phillips 

1983). As plants grow, they contribute their own matter to the “physical and chemical enrichment of the 

soil” (Burbanck and Phillips 1983). This process can simultaneously weather the underlying rock. Thus, 

changes in soil quality and depth due to climate, wind, erosion and decayed plant matter may have altered 

the growing conditions on the granite barrens over the past 100 years (McCormick, Lugo et al. 1974, 

Shure and Ragsdale 1977, Burbanck and Phillips 1983). Increasing the quantity of soil on granite barrens 

could provide more opportunities for plants to propagate, consequently increasing the amount of woody 

vegetation cover.  

Shagbark hickory and white oak were some of the oldest and largest trees sampled at our sites, 

and yet they were not abundant. These nut-bearing trees typically prefer rich moist soil for their large 

seeds, can grow well on hillsides, prefer sun exposure to shade and are drought-resistant (Government of 

Ontario 2014d). Since these trees require lots of soil and moisture to germinate their seeds, they were 

frequently found in deep depressions of soil on the granite barrens. Thus, while there were few 

established individuals, these trees colonized areas of the barren that allowed for their growth and did not 

colonize in the more marginalized, shallow soil areas of the barren. 

It is of key interest in forest ecology to understand tree growth responses to various 

environmental factors, including light, water and nutrient availability and the interaction among them. 

The spike in establishment noted in the 1960s could also be related to changes in precipitation and 
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temperature due to climate change. The total annual precipitation in Kingston increased by approximately 

20.5% between 1950 to 2000 (Government of Canada 2022). The average annual temperature in Kingston 

increased by approximately 0.98 degrees Celsius between 1950 to 2000 (Government of Canada 2022). 

Warmer average temperatures may have resulted in longer growing seasons (Gough, Anderson et al. 

2016, Conservation in a Changing Climate 2021) and the abundant establishment of white ash, eastern red 

cedar and common juniper would have benefitted from these conditions. Thus, these climate changes may 

have contributed to the increase in woody plant establishment. As precipitation events and temperature 

continue to increase as suggested by global climate change, it may continue to influence woody plant 

growth and establishment in future years (Easterling, Meehl et al. 2000, Frich, Alexander et al. 2002).  

As we did not measure width of growth rings, we cannot directly assess the woody species 

growth relationship with temperature or precipitation trends and how this may relate to land cover 

changes over time. However, we hypothesize that the poor soils and extreme sun exposure contribute to 

poor growth conditions as many studies have shown through radial growth measurements (Jacoby and 

D'Arrigo 1989, Leal, Melvin et al. 2007, Goldblum and Rigg 2010).  

4.4 Conservation and Management Implications 

Determining the restorative state that one wishes to achieve in conservation management is a 

frequent and important question to ask. It is also necessary to consider the implications for conserving and 

managing granite barrens in the Frontenac Arch. The longevity of granite barrens is unclear, as they may 

have been very different in structure and species composition prior to European settlement. This unknown 

temporality of granite barrens on this landscape leads to the following question: should granite barrens be 

left to infill with woody vegetation and eventually become part of the forested landscape or should these 

ecosystems be actively managed to maintain their presence and support the threatened biota in the A2A?  

In answer to this question, it is recommended that provincial parks and QUBS implement 

management strategies with the intent of conserving granite barrens in the Frontenac Arch. Barrens and 

other types of rock exposures have been identified by local conservation organizations as priority habitat 
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for stewardship (North-South Environmental Inc. 2018). Granite barrens are distinctive ecosystems that 

provide habitat to rare and threatened species (Catling and Brownell 1999). Some of these rare species are 

limited to or tend to reside within the granite barrens of the Frontenac Arch (Vander-Kloet 1968, Vander-

Kloet 1973, Brownell, Blaney et al. 1996), and are significantly threatened by the potential loss of habitat. 

The observed increases of woody vegetation cover and the increased woody plant establishment over the 

past 100 years that we have observed threaten the conservation of exposed granite barren areas. One may 

expect the infilling and encroachment of woody vegetation to continue unless it is mitigated through 

adaptive and proactive management planning. The maintenance of these barrens is required to preserve 

the rare species that rely on these open areas and to maintain biodiversity across the Frontenac Arch 

(Catling and Brownell 1999). There are granite barrens located across the Frontenac Arch, on public and 

private land which offers opportunities to manage these important ecosystem types through stewardship.  

Management and conservation of the granite barrens along with the surrounding habitat can help 

to improve function, habitat connectivity and resilience throughout the ecosystem (Michael, Lindenmayer 

et al. 2010). However, it may not be feasible to apply management strategies to every granite barren 

within the Frontenac Arch, so some barrens may need to be prioritized for active management planning 

and the strategies may vary depending on specific criteria. While earlier we demonstrated that the rate of 

infilling vegetation is not strongly related to the initial size of the granite barren, it may be relevant to 

protect various sized barrens in order to prioritize the landscape position of the barrens to maximize 

ecological connectivity and preservation throughout the Frontenac Arch. The woody vegetation in and 

around the barrens may also be important to consider during management planning to anticipate how they 

may respond to potential management strategies. 

If considering the use of prescribed burns, Provincial Parks should be aware that the effects from 

such a tool will vary based on landscape history, ecosystem dynamics, vegetation and climate. The 

frequency, intensity, origin of the fire, area burned, and return interval between burns should all be 

considered as these variables contribute to the impacts of the use of fire on the environment and the 
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surrounding flora and fauna. The Great Lakes alvars range in history and dynamics and thus the impact 

that fire has cannot be generalized across the region (Catling and Brownell 1999, Brownell and Riley 

2000, Jones and Reschke 2005). As mentioned earlier, intensive suppression of all fires may not be 

necessary in rock barrens as it can be beneficial to allow naturally occurring fires to burn when safe to 

encourage natural successional processes (Jones and Reschke 2005, Van Sleeuwen 2006). Fires should be 

monitored if they do occur and should not burn entirely as it may be ecologically damaging, depending on 

severity, frequency, and area burned (Van Sleeuwen 2006). 

If prescribed burns are to be considered as a management strategy in granite barrens in the 

Frontenac Arch, it is necessary to anticipate how each woody species may respond to fire. Compared to 

other hardwoods, white ash is somewhat vulnerable to fire-damage induced decay (Solomon, Leininger et 

al. 1993). Fire-damage and wounds may also make the tree weaker and more exposed to insects and 

disease (Solomon, Leininger et al. 1993). Severity and burn intervals may have varying effects on eastern 

red cedar (Buehring, Santelmann et al. 1971, Abrell 1990, DeSelm, Clebsch et al. 1991, Engle and 

Kulbeth 1992). The impacts of fire also vary based on tree height (Martin and Crosby 1955, Abrell 1990). 

Common juniper is typically susceptible to fire as its resinous foliage is flammable and the amount of 

damage increases as fire severity increases (Stark and Steele 1977, Crane 1982, Diotte and Bergeron 

1989). Less intense patchy fires with a discontinuous fuel load that may occur on open rocky cliffs or 

barrens (Brownell and Riley 2000, Van Sleeuwen 2006) may assist the survival of individual shrubs if 

basal branches remain alive (Stark and Steele 1977, Mallik and Gimingham 1983, Bergeron and Brisson 

1990). Thus, the growth and establishment of the common woody species on these barrens may not be 

promoted by fire disturbances. It is possible that prescribed burns, as part of a management strategy, may 

limit woody plant establishment which could help to maintain the openness of the granite barrens. 

Prescribed burns may be a beneficial management tool in some barrens at an ecological level. 

However, it is likely not feasible for widespread management at Queen’s University Biological Station 

due to high population density in the surrounding region. Prescribed burns may best be implemented on a 

site-by-site basis after controlled studies are completed to await ecosystem responses for granite barren 
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management. Other management tools could include manual woody vegetation thinning and removal of 

soil to limit woody plant establishment (Jones and Reschke 2005). Without disturbances in the landscape, 

granite barrens will be lost and the species that depend on these open areas will continue to be threatened.  

Ecological restoration in North America typically utilizes historical reference states based on pre-

European settlement conditions as this usually represents the state and conditions of an ecosystem prior to 

large scale changes resulting from anthropogenic disturbance. Such reference states can be used to 

demonstrate how much an ecosystem has changed over time, identify goals and targets for management, 

and provide insight into an ecosystem’s responses to historical disturbances following European 

settlement. However, these historical conditions may no longer be attainable in contemporary climates 

(Gillson 2015). Instead, it may be beneficial to use historical ecology and reference states to guide the 

restoration of processes important for ecosystem function and resilience, whilst recognizing the inherently 

dynamic nature of vegetation (Alagona, Sandlos et al. 2012). The impacts of future climate change may 

influence the usability of either approach in conservation, but we suggest that a process-based approach 

will provide the greatest capacity for adaptation to climate change, especially when implemented at a 

landscape scale (Gillson 2015). 

It is critical to strategically restore granite barrens to conserve connectivity in the Frontenac Arch 

which will ensure resilience and adaptability while facing ongoing threats throughout the A2A. The 

microclimates formed in these areas due to the openness of the barrens can be crucial to the survival and 

refuge of certain species as climate change progresses (Hannah, Flint et al. 2014). The A2A Collaborative 

developed their own connectivity-related goals after completing an assessment focused on landscape 

protection and related threats in the Frontenac Arch (Jalava, Miller et al. 2019). The strategic plan issued 

by the Land Conservancy for Kingston, Frontenac, Lennox and Addington stated the “…goal of 

protecting representative significant natural habitats, supporting biodiversity and connecting natural areas 

across the counties” (LC-KFLA 2014). To accomplish this, they cited the need to preserve more land and 

support land acquisition and stewardship (LC-KFLA 2014). Ontario’s biodiversity management strategy 

echoes this urge for re-connectivity, maintenance of connectivity within intact landscapes and claims that 
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“… connectivity is essential at local, regional and wider scales” (Ontario Biodiversity Council 2011). Our 

understanding of the causes of change to woody plant infilling can be applied to develop specific and 

adaptive management strategies to ensure landscape connectivity, conservation of biodiversity and 

ecosystem resilience throughout the region. 
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Chapter 5 

Conclusion 

5.1 Summary 

The conservation of open ecosystems like granite barrens is needed to sustain rare and threatened 

species inhabiting the Frontenac Arch (Catling, Catling et al. 2014). To effectively protect these species, 

it is necessary to examine the historical vegetation dynamics of the Frontenac Arch and assess how 

woody vegetation has responded to changes over time. Overall, this research successfully met its 

objectives. 

1. Assess changes in size of granite barrens within the Frontenac Arch  

The results of the historical aerial photography analysis clearly showed that the mean proportion 

of wooded area significantly increased while the mean proportion of barren area significantly decreased in 

granite barrens from 1925 to 2008. The rate of infilling was not related to the initial area of the granite 

barrens. While this analysis did not differentiate between the extension of the adjacent forest canopy, 

woody plant encroachment or the establishment of lone propagules in the centre of barrens, the 

significance of land cover change over this almost 100-year period was evident. As well, the 

dendrochronological analysis validates this observation as few trees were greater than 100 years old and 

the majority of the samples were established in the 1960s and 1970s.  

2. If changes have been observed, determine the woody species responsible  

The field work component was concentrated on vegetation survey plots in the Queen’s University 

Biological Station, located within the Frontenac Arch, eastern Ontario. Results demonstrated that white 

ash (n = 90), eastern red cedar (n = 22), and common juniper (n = 91) were the most common woody 

species colonizing the barrens during this study period. The most abundant established individual was not 

necessarily the most abundant sapling or seedling, and this is likely due to the challenging growth 

conditions present on granite barrens and competition amongst individuals. There was also variation in 
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woody species abundance between species and between sites. Other species that are characteristic of the 

region were absent or less abundant at these sites because they may prefer residing within forests or 

wetlands as compared to the microclimate conditions and poor soil quality in a granite barren. Charred 

eastern white pine stumps were found at almost all of the granite barren sites, reaffirming that there has 

been a history of fire on the landscape. 

3. Consider the implications of such changes for the long-term conservation and management of 

granite barren ecosystems 

The analyses of land cover change and the infilling of woody species demonstrate that open 

granite barren area is being lost and therefore, the inhabiting species of granite barrens are threatened. 

Thus, if granite barrens are to be conserved, management plans should be implemented to ensure they are 

maintained to provide habitat to the at-risk species that rely on them. An understanding of the ecological 

history of the Frontenac Arch is necessary for the long-term conservation and management planning of 

these granite barrens. Management of the granite barrens along with the surrounding habitat can help to 

improve function, habitat connectivity and resilience of the ecosystem. Prescribed burns are likely not 

feasible for widespread management at Queen’s University Biological Station due to high population 

density in the region. However, other management tools could include manual woody vegetation thinning 

and removal of soil to limit woody plant establishment. The plant species in the granite barrens focused 

on in this research are not considered to be fire-adapted and the management of these granite barrens need 

further consideration.  

5.2 Future Research Opportunities 

The field sites in this research were all selected from QUBS properties due to limitations of 

conducting field work during the COVID-19 pandemic. The vegetation composition at QUBS is similar 

to that of Frontenac Park, Thousand Islands National Park and Charleston Lake, except for the presence 

of pitch pine at the latter two locations. Repeating this type of work in and around the Frontenac Arch, 

such as in the Kaladar Jack Pine Barrens, Thousand Islands National Park and Charleston Lake, will be 
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helpful to assess land cover change over time in other barrens and to compare the dendrochronological 

results across a broader geographic range.  

Our research can also support future research within the Frontenac Arch. Charred stumps were 

located in this research to demonstrate the history of fire among granite barrens in the landscape. Since 

these stumps are GPS located, future research can revisit these sites to record size and circumference 

measurements of each stump and collect a cross-section if it is possible for dendrochronological purposes. 

Once dated, the history of these fires should be investigated. Any historical documentation that can be 

located may connect these stumps to land clearing events. The dates of these fire events can be compared 

to this dendrochronological work to assess if/how there is a relationship to the years of establishment data 

of the woody species discussed in these results.  

Future research can also be completed to understand the prevalence of fires in and around the 

Frontenac Arch as this can be helpful to understand how fire may contribute to land cover change. 

Researchers can utilize fire occurrences on rock barrens as opportunities for data collection and 

monitoring of vegetation responses and ecosystem changes over both long- and short-term studies (Van 

Sleeuwen 2006). Controlled studies of prescribed burns can be completed to anticipate vegetation 

responses for granite barren management and to avoid inadvertently encouraging the establishment and 

spread of fire-tolerant woody species (Reich, Walters et al. 1991). Before these studies are conducted, it is 

necessary to consider the landscape history, dynamics, vegetation and climate. The frequency, intensity, 

origin of fire, area burned, and interval between burns should also all be considered as these variables 

contribute to the impacts of the use of fire on the environment and the surrounding flora and fauna. 

The implications of climate change should be considered for conservation and management of 

granite barrens as well. Climate change presents a ‘moving target’ for conservation, in that the potential 

for restoring ecosystems to a past reference state may not be possible or reasonable if climatic conditions 

are changing at such a rate that the species that we are trying to conserve can no longer persist in a region 

(Weltzin and McPherson 1995). Continued changes in environmental conditions, including increasing 

temperatures and increases in intensity or frequency of precipitation events, could make survival 
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conditions that much more stressful for threatened species within the Frontenac Arch and could contribute 

to further woody plant establishment. This emphasizes the importance of conserving granite barren 

habitat for these threatened species in the anticipated increasingly challenging climate conditions and to 

continue monitoring land cover change. The understanding and awareness this type of research can 

provide may be helpful when managing granite barren ecosystems, as planning and management should 

be adjusted to include anticipated future changes in climate (Millar and Woolfenden 1999). In future 

research, granite barrens can be utilized as an example of how climate change can complicate the use of 

historical reference conditions in conservation and restoration.  

Ring-widths from the samples collected in this work can be measured to assess climate-growth 

relationships on granite barrens. Local temperature and precipitation documentation can be utilized to 

assess if ring-width variation can be explained by temperature and precipitation patterns. Additional 

samples collected from the adjacent forests can be compared to those that we collected from the field sites 

to assess how much of the ring-width variation is explained by the strained microclimate conditions on 

the granite barrens. Understanding climate-growth relationships in granite barren conditions within the 

Frontenac Arch can provide insight as to how they responded to past climate changes and help to forecast 

responses to future changes.  

Conservation projects are also constrained to the financial resources available, so additional 

research is necessary to determine the criteria to identify which barrens will be managed and the 

appropriate management plan to implement. Within the Frontenac Arch, additional research is vital to 

assess the extent and value of applying different management strategies of individual granite barrens 

based on vegetation and other varying criteria to conserve biodiversity and maintain habitat connectivity 

across the Arch. 

Management documentation from provincial and national parks should be assessed to understand 

how open ecosystems have been and are currently considered in local planning, conservation and 

stewardship. Granite barrens and similar open ecosystems in other regions should be examined to assess 
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how they are managed. In this way, experience and practices implemented elsewhere can be considered 

for adaptive management strategies when recommending actions or approaches for the Frontenac Arch. 

Indigenous peoples engaged in burning practices in these regions for various purposes, including 

clearing land to promote plant growth for habitat and forage for game, as previously mentioned (Dey and 

Guyette 2000). Future research could focus on documenting these burning practices and Indigenous 

traditional ecological knowledge could be utilized when investigating potential management strategies for 

the conservation of granite barrens.  

5.3 Connection to Sustainability and Conclusion  

The United Nations outlines 17 Sustainable Development Goals that address the environmental, 

social and economic aspects of sustainability (United Nations 1987), which all need to be included to 

have holistic discussions about sustainable development. One of these goals referred to as, “Life on Land” 

(United Nations 2018) most directly relates to the themes of conservation in this research project. 

Conservation is embedded throughout this research, whether it be conserving granite barrens, the species 

that inhabit granite barrens, or the habitat connectivity across the Frontenac Arch that bridges the A2A. In 

this way, conservation is inherently related to the concept of sustainability - to protect ecosystems and 

prevent biodiversity loss into the future. 

Habitat loss and modification are some of the most influential threats to the Frontenac Arch, so 

maintaining granite barrens across the A2A corridor will contribute to the conservation of biodiversity 

and help to combat these threats. The protection of open granite barren area and the prevention of further 

increased woody vegetation cover throughout the Frontenac Arch also means protection of the rare and 

threatened species that depend on these areas. Many species rely on this corridor for dispersal and 

migration, so the preservation of granite barrens throughout the region can help to maintain habitat 

connectivity.   

This research has several important implications in the way that we continue to think about 

monitoring land cover change, habitat and biodiversity conservation, and management. Aerial 
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photographs provide information across broader spatial extents, but they have limitations for inferring 

process. Conversely, site investigations obtain detailed information, but have limitations across broad 

spatial extents because of a need to sample many sites. By combining the two approaches, we had the 

opportunity to fill the gaps found in historical data with on-site investigations, and vice versa whilst 

validating the results in both. As this research demonstrates, the environment is constantly changing, so to 

apply a management strategy for it once and hope it is effective forever is unreasonable. An adaptive 

management strategy should be applied to work with the dynamics of the landscape. 
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Appendix A 

Coordinates of Field Sites 

Centre coordinates for all of the sites where field work was conducted.   

Site # N W 

1 44˚31'30.3'' 076˚23'54.0'' 

2 44˚31'16.4'' 076˚24'06.8'' 

3 44˚32'44.0'' 076˚23'50.0'' 

4 44˚34'50.7'' 076˚23'20.7'' 

5 44˚33'06.7'' 076˚23'14.8'' 

6 44˚34'59.7'' 076˚23'39.7'' 

7 44˚34'42.4'' 076˚24'01.2'' 

8 44˚32'58.5'' 076˚23'35.0'' 

9 44˚32'00.2'' 076˚21'35.2'' 

10 44˚32'09.2'' 076˚25'13.7'' 
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Appendix B 

Woody Species Composition and Abundance 

Common name and Latin name of species. 

Common Name Latin Name 

American elm Ulmus americana 

Birch Betula  

Black cherry Prunus serotina 

Common juniper Juniperus communis 

Common serviceberry Amelanchier arborea 

Downy arrowwood Viburnum rafinesqueanum 

Eastern red cedar Juniperus virginiana 

Hairy honeysuckle Lonicera hispidula 

Highbush blueberry Vaccinium corymbosum 

Ironwood Ostrya virginiana 

Prickly ash Zanthoxylum americanum 

Prickly gooseberry Ribes cynosbati 

Red maple Acer rubrum 

Red oak Quercus rubra 

Shagbark hickory Carya ovata 

Staghorn sumac Rhus typhina 

White ash Fraxinus americana 

White meadowsweet Spiraea alba 

White oak Quercus alba 

White pine Pinus strobus 
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Abundance of trees and common juniper per site.  

Site # Species  
# of each 

species 

Total # of 

individuals 

# of species/ total # of 

individuals (%) 

1 

Black cherry 0 16 0.0% 

Common juniper 9 16 56.3% 

Common serviceberry 0 16 0.0% 

Downy arrowwood 0 16 0.0% 

Eastern red cedar 4 16 25.0% 

Ironwood 0 16 0.0% 

Red maple 0 16 0.0% 

Red oak 0 16 0.0% 

Shagbark hickory 0 16 0.0% 

White ash 3 16 18.8% 

White oak 0 16 0.0% 

2 

Black cherry 1 25 4.0% 

Common juniper 9 25 36.0% 

Common serviceberry 0 25 0.0% 

Downy arrowwood 1 25 4.0% 

Eastern red cedar 5 25 20.0% 

Ironwood 1 25 4.0% 

Red maple 0 25 0.0% 

Red oak 2 25 8.0% 

Shagbark hickory 2 25 8.0% 

White ash 4 25 16.0% 

White oak 0 25 0.0% 
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Site # Species  
# of each 

species 

Total # of 

individuals 

# of species/ total # of 

individuals (%) 

3 

Black cherry 0 2 0.0% 

Common juniper 2 2 100.0% 

Common serviceberry 0 2 0.0% 

Downy arrowwood 0 2 0.0% 

Eastern red cedar 0 2 0.0% 

Ironwood 0 2 0.0% 

Red maple 0 2 0.0% 

Red oak 0 2 0.0% 

Shagbark hickory 0 2 0.0% 

White ash 0 2 0.0% 

White oak 0 2 0.0% 

4 

Black cherry 2 28 7.1% 

Common juniper 16 28 57.1% 

Common serviceberry 1 28 3.6% 

Downy arrowwood 0 28 0.0% 

Eastern red cedar 0 28 0.0% 

Ironwood 0 28 0.0% 

Red maple 0 28 0.0% 

Red oak 0 28 0.0% 

Shagbark hickory 0 28 0.0% 

White ash 8 28 28.6% 

White oak 1 28 3.6% 



 89 

Site # Species  
# of each 

species 

Total # of 

individuals 

# of species/ total # of 

individuals (%) 

5 

Black cherry 0 4 0.0% 

Common juniper 1 4 25.0% 

Common serviceberry 0 4 0.0% 

Downy arrowwood 0 4 0.0% 

Eastern red cedar 1 4 25.0% 

Ironwood 0 4 0.0% 

Red maple 0 4 0.0% 

Red oak 0 4 0.0% 

Shagbark hickory 0 4 0.0% 

White ash 2 4 50.0% 

White oak 0 4 0.0% 

6 

Black cherry 0 18 0.0% 

Common juniper 12 18 66.7% 

Common serviceberry 3 18 16.7% 

Downy arrowwood 0 18 0.0% 

Eastern red cedar 1 18 5.6% 

Ironwood 0 18 0.0% 

Red maple 0 18 0.0% 

Red oak 0 18 0.0% 

Shagbark hickory 0 18 0.0% 

White ash 2 18 11.1% 

White oak 0 18 0.0% 
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Site # Species  
# of each 

species 

Total # of 

individuals 

# of species/ total # of 

individuals (%) 

7 

Black cherry 1 18 5.6% 

Common juniper 12 18 66.7% 

Common serviceberry 1 18 5.6% 

Downy arrowwood 0 18 0.0% 

Eastern red cedar 4 18 22.2% 

Ironwood 0 18 0.0% 

Red maple 0 18 0.0% 

Red oak 0 18 0.0% 

Shagbark hickory 0 18 0.0% 

White ash 0 18 0.0% 

White oak 0 18 0.0% 

8 

Black cherry 0 35 0.0% 

Common juniper 8 35 22.9% 

Common serviceberry 0 35 0.0% 

Downy arrowwood 0 35 0.0% 

Eastern red cedar 1 35 2.9% 

Ironwood 0 35 0.0% 

Red maple 0 35 0.0% 

Red oak 0 35 0.0% 

Shagbark hickory 0 35 0.0% 

White ash 24 35 68.6% 

White oak 2 35 5.7% 



 91 

Site # Species  
# of each 

species 

Total # of 

individuals 

# of species/ total # of 

individuals (%) 

9 

Black cherry 0 53 0.0% 

Common juniper 15 53 28.3% 

Common serviceberry 0 53 0.0% 

Downy arrowwood 0 53 0.0% 

Eastern red cedar 2 53 3.8% 

Ironwood 2 53 3.8% 

Red maple 0 53 0.0% 

Red oak 1 53 1.9% 

Shagbark hickory 0 53 0.0% 

White ash 32 53 60.4% 

White oak 1 53 1.9% 

10 

Black cherry 0 17 0.0% 

Common juniper 7 17 41.2% 

Common serviceberry 0 17 0.0% 

Downy arrowwood 0 17 0.0% 

Eastern red cedar 3 17 17.6% 

Ironwood 0 17 0.0% 

Red maple 1 17 5.9% 

Red oak 0 17 0.0% 

Shagbark hickory 0 17 0.0% 

White ash 6 17 35.3% 

White oak 0 17 0.0% 
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Abundance of saplings per site.  

Site # Species 
# of each 

species 

Total # of 

individuals 

# of species/ total # of 

individuals (%) 

1 

American elm 0 24 0.0% 

Black cherry 0 24 0.0% 

Common juniper 5 24 20.8% 

Common serviceberry 0 24 0.0% 

Downy arrowwood 0 24 0.0% 

Eastern red cedar 19 24 79.2% 

Hairy honeysuckle 0 24 0.0% 

Highbush blueberry 0 24 0.0% 

Prickly gooseberry 0 24 0.0% 

Staghorn sumac 0 24 0.0% 

White ash 0 24 0.0% 

White meadowsweet 0 24 0.0% 

2 

American elm 1 48 2.1% 

Black cherry 1 48 2.1% 

Common juniper 5 48 10.4% 

Common serviceberry 0 48 0.0% 

Downy arrowwood 24 48 50.0% 

Eastern red cedar 3 48 6.3% 

Hairy honeysuckle 0 48 0.0% 

Highbush blueberry 0 48 0.0% 

Prickly gooseberry 0 48 0.0% 

Staghorn sumac 0 48 0.0% 

White ash 5 48 10.4% 

White meadowsweet 9 48 18.8% 
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Site # Species 
# of each 

species 

Total # of 

individuals 

# of species/ total # of 

individuals (%) 

3 

American elm 0 3 0.0% 

Black cherry 0 3 0.0% 

Common juniper 1 3 33.3% 

Common serviceberry 0 3 0.0% 

Downy arrowwood 0 3 0.0% 

Eastern red cedar 0 3 0.0% 

Hairy honeysuckle 0 3 0.0% 

Highbush blueberry 0 3 0.0% 

Prickly gooseberry 0 3 0.0% 

Staghorn sumac 0 3 0.0% 

White ash 1 3 33.3% 

White meadowsweet 1 3 33.3% 

4 

American elm 0 36 0.0% 

Black cherry 16 36 44.4% 

Common juniper 4 36 11.1% 

Common serviceberry 1 36 2.8% 

Downy arrowwood 4 36 11.1% 

Eastern red cedar 0 36 0.0% 

Hairy honeysuckle 0 36 0.0% 

Highbush blueberry 9 36 25.0% 

Prickly gooseberry 0 36 0.0% 

Staghorn sumac 1 36 2.8% 

White ash 0 36 0.0% 

White meadowsweet 1 36 2.8% 
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Site # Species 
# of each 

species 

Total # of 

individuals 

# of species/ total # of 

individuals (%) 

5 

American elm 0 1 0.0% 

Black cherry 0 1 0.0% 

Common juniper 0 1 0.0% 

Common serviceberry 0 1 0.0% 

Downy arrowwood 0 1 0.0% 

Eastern red cedar 0 1 0.0% 

Hairy honeysuckle 0 1 0.0% 

Highbush blueberry 0 1 0.0% 

Prickly gooseberry 0 1 0.0% 

Staghorn sumac 0 1 0.0% 

White ash 0 1 0.0% 

White meadowsweet 1 1 100.0% 

6 

American elm 0 40 0.0% 

Black cherry 0 40 0.0% 

Common juniper 1 40 2.5% 

Common serviceberry 18 40 45.0% 

Downy arrowwood 17 40 42.5% 

Eastern red cedar 3 40 7.5% 

Hairy honeysuckle 0 40 0.0% 

Highbush blueberry 1 40 2.5% 

Prickly gooseberry 0 40 0.0% 

Staghorn sumac 0 40 0.0% 

White ash 0 40 0.0% 

White meadowsweet 0 40 0.0% 
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Site # Species 
# of each 

species 

Total # of 

individuals 

# of species/ total # of 

individuals (%) 

7 

American elm 0 46 0.0% 

Black cherry 0 46 0.0% 

Common juniper 5 46 10.9% 

Common serviceberry 16 46 34.8% 

Downy arrowwood 18 46 39.1% 

Eastern red cedar 5 46 10.9% 

Hairy honeysuckle 0 46 0.0% 

Highbush blueberry 0 46 0.0% 

Prickly gooseberry 0 46 0.0% 

Staghorn sumac 0 46 0.0% 

White ash 2 46 4.3% 

White meadowsweet 0 46 0.0% 

8 

American elm 0 10 0.0% 

Black cherry 0 10 0.0% 

Common juniper 2 10 20.0% 

Common serviceberry 3 10 30.0% 

Downy arrowwood 2 10 20.0% 

Eastern red cedar 3 10 30.0% 

Hairy honeysuckle 0 10 0.0% 

Highbush blueberry 0 10 0.0% 

Prickly gooseberry 0 10 0.0% 

Staghorn sumac 0 10 0.0% 

White ash 0 10 0.0% 

White meadowsweet 0 10 0.0% 
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Site # Species 
# of each 

species 

Total # of 

individuals 

# of species/ total # of 

individuals (%) 

9 

American elm 2 18 11.1% 

Black cherry 0 18 0.0% 

Common juniper 7 18 38.9% 

Common serviceberry 0 18 0.0% 

Downy arrowwood 1 18 5.6% 

Eastern red cedar 1 18 5.6% 

Hairy honeysuckle 2 18 11.1% 

Highbush blueberry 0 18 0.0% 

Prickly gooseberry 3 18 16.7% 

Staghorn sumac 0 18 0.0% 

White ash 2 18 11.1% 

White meadowsweet 0 18 0.0% 

10 

American elm 0 7 0.0% 

Black cherry 0 7 0.0% 

Common juniper 2 7 28.6% 

Common serviceberry 0 7 0.0% 

Downy arrowwood 0 7 0.0% 

Eastern red cedar 2 7 28.6% 

Hairy honeysuckle 0 7 0.0% 

Highbush blueberry 0 7 0.0% 

Prickly gooseberry 2 7 28.6% 

Staghorn sumac 0 7 0.0% 

White ash 1 7 14.3% 

White meadowsweet 0 7 0.0% 

 


