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ABSTRACT 

Restoring ecosystems and habitats in human-altered landscapes is challenging 

where reference sites to guide restoration can be limited or absent. The current shift in 

restoration theory to a dynamic reference alleviates some of this concern, 

acknowledging systems are not static. However, historical references are still useful as 

restoration targets when relatively intact. I applied this principle here, focusing on the 

limestone barrens of Newfoundland (Canada), an ecosystem that represents a 

biodiversity hotspot and hosts endemic plant species, e.g. the endangered Braya longii; 

human activities have degraded its critical habitat. 

Historical aerial photographs were used to depict landscape topography prior to 

substrate removal, and identify intact reference sites. Identified reference sites were 

characterized in terms of substrate, nutrient and vegetation composition, and 

topography through field observations and measurements. To test protocols to restore 

the complex small-scale disturbance regime, substrate manipulation experiments were 

constructed and monitored for frost heave and cycles. Experiments were also seeded 

with native flora, including B. longii to determine an effective means of re-introduction 

following restoration. 

Limestone barrens occur sparsely on the landscape atop ancient beach ridges. 

Low potential habitat (10%) was observed at the study site in 1948, of which slightly 

less than half was degraded by quarry activity and road construction by 1995. Remnant 

high quality habitat identified in aerial photos and described through field surveys is 

characterized by frost heave and sorting, high silt/clay and bare ground cover, and low 

organic content. Degraded sites and overburden material differed from the reference 
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site in terms of vegetation, substrate and nutrient composition. In addition, substrate 

treatments to restore small-scale disturbance that lacked added overburden material 

demonstrated similarities to the reference site in terms of the average number of frost 

cycles and duration suggesting partial recovery of cold-soil processes. The seeding 

experiments with native flora, including the endangered endemic B. longii, resulted in 

low percent emergence. However, more seeds are expected to germinate in subsequent 

years given germination syndromes. 

This thesis emphasizes the need for human intervention, rather than a non-

intervention expecting regeneration given the absence of vegetative and natural 

disturbance recovery towards limestone barrens. It also recommends that overburden 

material not be used to restore soil and substrate as it will hinder progression along the 

target limestone barrens trajectory. Overall, the recommendations provide a baseline 

methodology to restore limestone barrens habitat in degraded quarry sites, addressing 

the Federal Recovery Strategyôs target to expand and restore critical habitat, natural 

freeze-thaw disturbance, and B. longii within its historical range. 
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CHAPTER 1 

1 GENERAL INTRODUCTION  

A decade ago, historical landscapes were considered the ideal reference 

condition for the assisted rehabilitation and recovery of ecological and ecosystem 

function (Bradshaw, 1987; SER, 2004; Clewell & Arson, 2013). Now, these references 

no longer seem applicable and are considered impractical and unrealistic under rapidly 

changing environmental conditions instigated by anthropogenic activity (Hobbs et al., 

2006, 2013). Recreating the past is no longer the target in restoration, rather it is the 

attempt to re-establish the system within the range of the original historical trajectory 

prior to human activities (Clewell and Aronson, 2013; Balaguer et al., 2014). In many 

cases this requires blending historical information with knowledge predicting 

environmental change due to climate and increased presence of exotic weed species 

(Zedler et al., 2012; Balaguer et al. 2014) creating the idea of a ñdynamicò reference 

(Hiers et al., 2012; see Appendix I for key term definitions). 

In highly degraded habitats with altered structural compositions and functional 

components, such as mines and quarries, the creation of functional and diverse novel 

or analogous ecosystems are proposed rather than restoring the historical reference 

given thresholds have been irreversibly crossed (Hobbs et al., 2009; Lundholm and 

Richardson, 2010; Zedler et al., 2012; Figure 1). Restoring historical site 

characteristics within highly altered systems is considered unrealistic and often 

unsuccessful given the rigorous manipulation and management resources required to 

maintain the desired system (Hobbs et al. 2009). However, habitats not irreversibly 

altered to a novel state, and retaining intact historical biotic/abiotic characteristics in 
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combination with novel components, are considered hybrid (Hallet et al., 2013; Hobbs 

et al., 2009; Figure 1). Such hybrid systems have been restored within the range of 

their historical trajectory (Koch, 2007), and highlight the continued use of historical 

states to guide restoration (Balaguer et al., 2014). In particular, the application of 

historical states to guide restoration in globally rare ecosystems impacted by quarry 

and mining activities. 

Approximately two billion hectares of soil resources (~15% of the Earthôs land 

surface) have been degraded by anthropogenic activities (Jie et al., 2002). In particular, 

such activities have threatened approximately 88% of endemic speciesô habitats 

globally (Myers et al., 2000). Quarry and mining practices contribute to this 

degradation in Canada and around the world, degrading approximately 1% of the 

worldôs land surface (Tropek et al., 2012). Both these practices alter the landscape 

geomorphology leading to habitat loss, erosion, and disruption of the normal 

disturbance and hydrological regimes (Langer, 2001). Limestone quarrying and gravel 

extraction are considered one of the primary threats to limestone restricted species and 

are challenging sites to restore given their unique geological history and 

geomorphology (BirdLife/FFI/IUCN/WWF, 2014). 

In many cases quarry and mining sites are not rehabilitated following closure, 

leaving derelict and uninhabitable sites lacking vital ecological components such as 

soil and substrate (Bradshaw, 1987; Clemente et al. 2004). For example, lack of fine-

grained material in quarried areas reduces soil moisture, rooting potential, nutrient 

retention, and alters the timing of heat influencing life history traits of native plant 
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species (Firlotte and Staniforth, 1996; Noel, 2000; Greene, 2002). Identifying those 

missing ecological components is a priority for the development of restoration 

protocols and recovery of habitat structure and function in these at-risk degraded sites. 

Development of restoration protocols should utilize historical properties of an 

ecosystem as available to determine structural and functional attributes that can be re-

established, setting the system along the historical trajectory while also allowing for 

the introduction of novel characteristics to assure achievable outcomes (Zedler et al., 

2012; Balaguer et al. 2014). This approach acknowledges past ecological attributes, 

and the siteôs current and future limitations (Zedler et al., 2012; Balaguer et al. 2014). 

Furthermore, accepting that the reference model is not constraining but serves as a 

guide, gives restoration a starting point with an open endpoint within the natural range 

of variation for that ecosystem (Clewell and Aronson, 2013; Balaguer et al., 2014) thus 

is flexible to the dynamic nature of ecosystems. 

The hybrid system approach was attempted on the Great Northern Peninsula of 

Newfoundland (Canada), where the patchy distribution of aggregate and gravel 

deposits ideal for road development resulted in a large number of small borrow pits 

(Ricketts and Vatcher, 1996). Degraded sections of limestone barrens exist in a hybrid 

state given the loss of substrate and vegetation in quarried areas, presence of adjacent 

intact remnant areas and absence of invasive species (Hallet et al., 2013; Figure 1). 

Incorporating historical information in protocol development, in conjunction with 

defining site limitations will assist in the recovery of functional and structural 
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components to reduce physical fragmentation and increase critical habitat in this 

globally at-risk limestone barrens ecosystem. 

Limestone pavements are unique ecosystems globally, nationally, and 

provincially (The Wildlife Trusts, n.d.). They have a mosaic composition, consisting 

of open limestone outcrops to areas of vegetated cover including heath, grasslands or 

scrublands (Cumbria Wildlife Trust, 2000; Wilson and Fernandez, 2013). Limestone 

pavements encompass subclasses of limestone habitats including the alvars of southern 

Ontario (Canada) (Catling and Brownell, 1995), the limestone pavements of the Burin 

Peninsula (Ireland) (Limestone Pavement Conservation, n.d.; Wilson and Fernandez, 

2013), and the limestone barrens of Newfoundland (Canada) (Environment Canada, 

2012). These limestone ecosystems are similarly characterized by exposed limestone 

bedrock with minimal soil or substrate over bedrock, high pH, low nutrient 

availability, are home to endemic floral species and have been impacted by quarrying 

and/or gravel extraction. This thesis focuses on the latter habitat - the limestone 

barrens of Newfoundland which has been degraded by gravel quarrying. 

In Newfoundland, the limestone barrens are located within the Strait of Belle Isle 

Ecoregion on the north western coast of the Great Northern Peninsula, making up less 

than 1% of the islandôs area (Damman, 1983). Over the last 50 years, only 10% of 

limestone barrens within the distribution of the endangered Braya longii, a limestone 

barrens endemic (described below), has remained intact (Janes, 1999; Hermanutz et 

al., 2009), highlighting the low predicted natural occurrence of Braya longii on the 

landscape. Of this 10%, 16% is considered high quality limestone barrens habitat 
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(Greene, 2002). The limestone barrens is a biodiversity hotspot possessing unique 

geology, climate, disturbance regime and native flora (Sutton et al., 2006). The only 

endemic plants on the island of Newfoundland are found here. 

Open limestone barrens are patchily distributed atop plateaus and ancient beach 

ridges below an elevation of 50-70 m and across three bedrock formations: Eddies 

Cove (oldest); St. Georgeôs; and Table Head (Grant, 1992; Greene, 2002) within the 

West Coast Lowland physiography. Substrates are carbonate-rich, and characterized 

by bare limestone bedrock, dolomite, frost shattered rock, limestone heath, and small 

localized patches of glacial and marine sediment derived from glacial melt water and 

marine sediment deposited during the inundation by sea water (Roberts, 1983; Grant, 

1992). Such coarse and fine calcareous surficial geologies have been shown to possess 

many endemic species relative to other surficial geologies (Anderson and Ferree, 

2010). The unique geology of the limestone barrens is an important consideration in 

the development of restoration protocols; especially when considering the influence on 

complex small-scale disturbance regimes, and threatened and endangered inhabitant 

with narrow habitat requirements. 

The limestone barrens fall within the Northern Peninsula Climatic Zone of 

Newfoundland, primarily influenced by the Labrador Current (Banfield, 1983). The 

area experiences short cool summers, long cold winters, approximately 120 frost-free 

days, and reduced growing degree days (Roberts, 1983). This region of Newfoundland 

is expected to see an increase in the number of frost free days with the changing 

climate (Slater, 2005; Hjort and Luoto, 2009; Finnis, 2013). Yearly precipitation 
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ranging between 760 ï 900 mm, with approximately 300 cm falling as snow (Banfield, 

1983), is also predicted to change, with an increase of 20-200mm of rain expected 

during the summer and fall (Slater, 2005). Current ambient conditions directly 

influence weathering regimes, and further minimize nutrient release, decay of organic 

material and biological activity, thus slowing the process of soil development 

(Billings, 1973; Campbell and Claridge, 1992). How the predicted increase of 4°C 

within the next 65 years (Slater, 2005) will influence the future trajectory of the 

limestone barrens, its unique flora and cold soil processes, is largely unknown, though 

predictions can be made. For example, the frequency of freeze-thaw cycling is 

predicted to increase (Hjort and Luoto, 2009), and ecosystem and biome ranges are 

predicted to shift (Slater, 2005; Grimm et al., 2013). Determining the influence of 

climate change on cold soil processes will assist in understanding its affect on the 

limestone barrenôs small-scale disturbance regime. 

Naturally occurring disturbances generally provide heterogeneity across the 

landscape at both a micro- and macro-scale, creating patches of low and high 

biodiversity (Thorpe and Stanley, 2011). Freeze-thaw cycling and frost sorting are 

both characterized by the movement of stones and particles within the substrate during 

ice lens formation and the expansion of water horizontally and vertically (Bergsten et 

al., 2001; Greene, 2002; Matsuoka et al., 2003). They are influenced by several abiotic 

variables including substrate texture (~12-19% fine-grained material has been 

identified to effectively allow for needle ice development as finer material will hold 

more water) (Meentemeyer and Zippin, 1981; Bergsten et al., 2001); vegetation and 

snow cover (insulated areas tend to experience fewer frost cycles) (Firlotte and 
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Staniforth, 1996); soil water chemistry (presence of dissolved solids can suppress 

freezing points) (Chantal et al., 2006); temperature (fluctuations above and below 

0°C); and topography and aspect (north facing slopes experience cooler temperatures 

than south slopes) (Hjort and Luoto, 2009). Annually, the limestone barrens have 

approximately 245 days of frost (Banfield, 1983). Freeze-thaw cycling and frost 

sorting are critical aspect of the natural disturbance regime of the limestone barrens of 

Newfoundland, maintaining open, non-vegetated areas across the landscape 

(Anderson, 1988; Figure 2), and creating hotspots for arctic-alpine seedling 

recruitment (Sutton et al., 2006). These areas create open regions of low competition 

for opportunistic species and primary colonizers (Sutton et al., 2006). This complex, 

small-scale disturbance is critical in providing sufficient disturbance to pioneering 

species yet inhibits competitors (Jonasson,1986; Noel, 2000; Greene, 2002; Hermanutz 

et al., 2002). Understanding the development of small-scale disturbance will promote 

its incorporation into protocols to restore habitat function. 

The interaction and cumulative effects of climate, geology and substrate 

characteristics of the limestone barrens influence the native flora adapted to this area. 

The limestone barrens ecosystem is dynamic, consisting of vegetated crowberry 

(Empetrum nigrum L.) barrens and open limestone barrens habitats. The plant 

communities inhabiting the region include the limestone heath Empetretum-

Salicestosum reticulatae and Potentilletum-Dryadetosum integrifoliae (Meades, 1997). 

These plants possess climatically adapted traits including low growth forms or 

cushions to avoid desiccation, tolerate nutrient poor conditions, and have structural 

adaptations to natural disturbance such as robust taproots (Bliss, 1971). For example B. 
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longii is an endangered (G1, N1, S1; see Appendix I for abbreviations), endemic plant 

species well adapted to the limestone barrens and occurs within the area of the study 

site in Sandy Cove (Figure 3). Ranging in size from 1 ï 10 cm, B. longii is a primary 

colonizer possessing a stout contractile taproot, adapted for anchorage in well drained, 

open, and non-vegetated sites with frost susceptible substrates (Meades, 1997; 

Hermanutz et al., 2002). Outlining and restoring habitat characteristics key to 

supporting native flora will influence ecosystem development towards the desired 

target trajectory. 

Following the suggestion of Zedler et al. (2012), this research takes a bottom up 

approach to develop restoration protocols addressing the recovery of at-risk and 

degraded limestone ecosystems. More specifically, this thesis focuses on the limestone 

barrens of Newfoundland. Using the historical landscape to guide restoration targets 

within a hybrid context, this research determines what has been degraded and lost, and 

what remains in terms of reference sites on the landscape. The main objectives of this 

thesis are to: 1) develop methods regarding how to restore historical landscape 

topography and slope using aerial photographs and intact references sites; 2) using this 

methodology characterize reference sites identified in aerial photographs in terms of 

substrate, nutrient and vegetation composition, and topography through field 

observations and measurements; 3) test protocols to restore the complex small-scale 

disturbance regime via the construction of substrate manipulation experiments and 

monitoring of frost heave and cycles; and 4) determine an effective and efficient 

means to re-introduce native flora, including B. longii and other native limestone 

barrens flora, following restoration.  
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Currently, no protocols have been developed to restore degraded sections of the 

limestone barrens ecosystem within Newfoundland. Recommendations to inform the 

implementation of sustainable restoration protocols are necessary to increase the 

amount of critical habitat for B. longii, as this is a key target identified in the Longôs 

braya (B. longii) and Fernaldôs braya (B. fernaldii) Federal Recovery Strategy 

(Environment Canada, 2012), underscoring the importance of this research.
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Figure 1. The current state of an ecosystem depending on level of human-disturbance 

and alteration of functional and structural components. The star indicates the 

classification of the degraded limestone barrens ecosystem. Figure modified from 

Hobbs et al. (2009). 

Figure 2. Sorted frost polygon with fine centre and coarse border in bottom right hand 

corner of 1 x 1m quadrat. Photo taken at the Sandy Cove Ecological Reserve. 

Figure 3. Sandy Cove study site, within current B. longii habitat. Map constructed 

using ESRI
®
 ArcMAP

TM
 version 10.1. Map of Newfoundland modified from 

Environment Canada (2012) and water bodies extracted from NRCAN (2012). 



15 

 

Figure 1. 

  



16 

 

Figure 2. 

 



17 

 

Figure 3. 

 



18 

 

CO-AUTHORSHIP STATEMENT  

All manuscripts in this thesis were co-authored with Drs. Luise Hermanutz and 

Susan Squires. Chapter 2 has additionally been co-authored with Dr. Trevor Bell. Both 

chapters 2 and 3 have been written and formatted for submission to journals of choice. 

In all instances I was the principal contributor to project design and proposal, 

implementation of the field research component, gathering and analysis of the data, 

and manuscript preparation.



19 

CHAPTER 2 

2 RECONSTRUCTING ECOLOGICAL MEMORY IN AN AT-

RISK ECOSYSTEM 

2.1 Abstract 

75% of Earthôs ice-free surface has been degraded by human urbanization. In 

restoring these sites, extent of degradation, invasive species and climate change have 

challenged the use of historical references in favour of a novel ecosystem approach. 

However, in natural and semi-natural ecosystems where structural and functional 

thresholds have not been irreversibly crossed, historic aerial photographs provide a 

novel means to recreate the historical topography, differing from the use of the 

surrounding landscape to inform site reconstruction, identify remnant reference sites, 

and provide baseline targets. The limestone barrens of Newfoundland (Canada), a 

globally threatened ecosystem with many rare plants, provide such an example. Here, 

remnant reference patches guide the restoration of pre-human modified landscape 

topography to mimic historical beach ridge geomorphology key to habitat function. 

Historical aerial photographs pre- (1948) and post-highway (1968-1995) 

construction and associated quarrying were assessed to develop restoration protocols 

for limestone quarries. Topography, land use change, limestone barrens loss, and 

reference sites were identified to inform restoration. Reference sites and human-

degraded areas (quarry floor and overburden) were characterized using vegetation 

transects (n=20), and soil and nutrient sampling (n=172). Additionally, to restore 

landscape topography pre-human degradation, remnant natural area elevation points 

were collected (n=336). 
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Historical aerial photographs suggest that 4.9ha of the 50ha study site contained 

potential limestone barrens. After 47 years, slightly more than half (2.8ha) remains 

following road construction and quarrying. Further, only 1.9ha is actually high quality 

limestone barrens habitat; open, non-vegetated, and exhibiting complex small-scale 

disturbance. Low natural occurrence on the landscape underscores conservation need, 

and provides a restoration target. 

Remnant open limestone barrens substrates have low organic content, high percent 

fine particles (silt/clay) and bare ground cover, and high manganese (ppm), and low 

phosphorus (ppm) concentrations. These areas are colonized predominately by 

Juniperus horizontalis, and Erigeron hyssopifolius, differing from human-degraded 

areas which display dissimilar vegetation communities suggested by NMDS 

ordination, though species are predominately native. 

Defining reference sites for restoration projects is challenging, however we provide 

a broadly applicable approach using a historical context to develop restoration 

protocols in hybrid ecosystems not irreversible altered using: i) remnant habitat 

characteristics to define a baseline; and ii) historical aerial photographs to define 

relevant reference habitat, historical landscape topography, and land use change. In 

combination these steps fill a currently acknowledged gap, and assist in defining a 

starting point, and providing a suitable foundation for further restoration. 

Keywords: quarrying, Newfoundland, biodiversity, freeze-thaw disturbance, beach-

ridge geomorphology, limestone barrens, aerial photographs
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2.2 Introduction  

Globally, anthropogenic activities have degraded approximately 75% of the 

Earthôs ice free land area (Ellis et al., 2010), quarrying and mining having modified 

approximately 0.3-1% (Hooke and Martín-Duque, 2012; Tropek et al., 2012), making 

restoration a more frequently used approached. Limestone extraction in the form of 

hard-rock quarries and gravel pits is a dominant industry globally, and is currently a 

primary threat to restricted limestone species (BirdLife/FFI/IUCN/WWF 2014). Mines 

and quarries can remain un-rehabilitated following closure, leaving a derelict and 

uninhabitable landscape, lacking vital ecological and functional components 

(Bradshaw 1987; Clemente et al. 2004). To improve ecological function of such 

landscapes, restoration ecology strives to mitigate anthropogenic impacts on the 

natural systems and habitats (Society for Ecological Restoration International Science 

& Policy Working Group, 2004). Restoring these areas triggers the need to learn about 

the past landscape, understanding the historical derivation from the regional geology, 

hydrology, topography, climate and geography (Balaguer et al., 2014).  

However, in many cases these aspects, which are encompassed within the term 

ñecological memoryò, are overlooked and is identified as a gap in the literature 

(Balaguer et al., 2014). Ecological memory refers to past environmental events, such 

as glaciation, that have shaped and/or restricted the existing habitat, ecosystem or 

landscape characteristics, and remain a part of the landscape (Thompson et al., 2001). 

With rapidly changing environments and climates, urbanization, and introduction of 

non-native and invasive species, the idea of using a historical reference as a target for 

restoration has come under scrutiny; its validity and applicability recently debated 
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(Seastedt et al., 2008; Hobbs et al., 2009; Reinhardt et al., 2010; Hiers et al., 2012). 

Rather, novel targets incorporating projected climate change and current invasive 

species to provide analogous functional and structural attributes, are proposed in 

systems irreversibly beyond inherent thresholds (Hobbs et al., 2013). Despite this shift 

in thought, latent and active ecological memory stored in the landscape are considered 

a fundamental component pivotal to redefining the historical reference concept and 

restoring an ecosystem within its historical trajectory (Balaguer et al., 2014). Widely 

available and frequently utilized aerial photographs (Bierman et al., 2005), in 

combination with ground collected elevation points provide topographical information, 

historical and current, to guide future landscape restoration and best practice strategies 

not readily utilized. 

Quarry and mine sites provide an opportunity to incorporate the idea of 

ecological memory, maintaining the historical reference as a guidepost to study habitat 

and species recovery, incorporate historical topography which is often lacking 

(Balaguer et al., 2014), and explore the interacting facets of geomorphology and 

ecology (Reinhardt et al., 2010; Raab et al., 2012). Studies have incorporated the 

surrounding topography to guide landscape design of abandoned quarries, stressing the 

importance of restoring land topography and morphology to recover structure and 

function (Martín-Duque et al., 2010; Balaguer et al., 2014). In these systems, historical 

references still represent a baseline for restoration targets and efforts to guide the 

system within a range of the original stable state (Jackson & Hobbs 2009; Balaguer et 

al. 2014). The use of historically-derived targets to guide ecosystem and habitat 

recovery is important as these targets define restoration practice, separating it from 
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others such as ecosystem design and engineering (Balaguer et al. 2014). Here, latent 

ecological memory in terms of historic beach ridge geomorphology is explored for its 

use in the development of protocols to restore at-risk ecosystems and species at-risk 

critical habitat. 

For at-risk ecosystems, threatened species, habitat protection and restoration are 

identified as fundamental components essential to the recovery process (Carroll et al., 

1996; Noss, 2000). With rapidly changing biotic and abiotic conditions, literature 

identifying realistic targets to restore at-risk habitats and species is very limited. 

Systems are not static, and shifting restoration perspectives to incorporate current and 

future changes in biotic and abiotic conditions will be pivotal to project success (Choi, 

2007; Hobbs et al., 2009). However, the use of creative and novel approaches to 

maintain desired systems, such as globally at-risk habitats pushed into a hybrid state 

and outside the historical range of variability should be considered (Seastedt, Hobbs & 

Suding 2008). Landscapes surrounding quarries or mines can provide a baseline to 

restore an analogous stable topography mimicking geomorphic characteristics 

(Hancock, Loch & Willgoose 2003; Martín-Duque et al. 2010; Balaguer et al. 2014), 

mitigate human impact in environmentally sensitive areas, improve aesthetics and 

restore natural habitat (Koch, 2007). This has been applied in particular to hard rock 

quarries and quarries with steep walls (Yundt and Lowe, 2002). Incorporating 

knowledge on historical, current and future change and novel approaches, innovative 

restoration protocols can be developed for recovery and conservation efforts targeting 

rare at-risk habitats and species at-risk (SER, 2009). 



24 

The limestone barrens of Newfoundland are part of a globally rare ecosystem 

defined by distinct geomorphology, complex small-scale freeze-thaw disturbance 

regime, and high plant biodiversity (Environment Canada 2012; Figure 4). It is a 

biodiversity hotspot for calciphiles and arctic-alpine like plant communities, is home 

to the only endemic plant species on the island of Newfoundland, and makes up less 

than 1% of NLôs land area (Meades, 1997). However, over the past 50 years the 

ecosystem has been degraded by road construction, gravel quarry activity, and housing 

development. Degrading activities such as surface quarrying historically occurred 

frequently within critical limestone barrens habitat of endangered endemics such as 

Braya longii (Brassicaceae) (Environment Canada, 2012). Currently, <10% of the 

limestone barrens habitat occurring within the habitat range of B. longii (18 km narrow 

coastal span) is considered suitable habitat with open, non-vegetated areas exhibiting 

natural small-scale substrate disturbance (Hermanutz, 2001; Greene, 2002). Need for 

habitat restoration protocol development in this at-risk ecosystem, and for its 

endangered endemics is explicitly outlined in Species at Risk Federal Recovery 

Strategies (Environment Canada, 2012). 

The goal of this research is to outline globally applicable recommendations to 

inform protocols that acknowledge ecological memory to restore regional topography 

and ecosystem function in degraded systems using the at-risk limestone barrens 

ecosystem and its species at-risk as a case study. To address habitat restoration and 

recovery targets for this at-risk ecosystem and its endemic flora including B. longii as 

outlined in the Federal Recovery Strategy (Environment Canada, 2012), historical, 

current, and future factors such as geomorphology, disturbance regime, sources of 
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degradation, and climate need to be integrated to ensure reestablishment of natural 

properties. 

Using aerial photographs from an era prior to, and after, large-scale limestone 

barrens change (i.e. 1948), the historic landscape topography was reconstructed to 

define a historically-derived target and provide insight into an appropriate structural 

foundation for subsequent restoration efforts. Study objectives included: 1) the use of 

historical aerial photograph interpretation to depict limestone barrens habitat loss and 

landscape change through time to set restoration targets; 2) characterizing high quality 

limestone barrens habitat to define a reference model and guide restoration efforts in 

terms of local topography, vegetative community, and nutrient and substrate 

composition; and 3) create a surface interpolation model using historical aerial 

photographs and remnant habitat patches to inform restoration of site topography. We 

predict that readily available aerial photographs will provide important historical 

information, outlining land use change, critical habitat loss, and reference sites, which 

will enable us to define baseline restoration targets to expand critical habitat and 

conserve at-risk habitats and species. 
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2.3 Methods 

2.3.1 Site Description 

The study site is located in the small community of Sandy Cove, Newfoundland 

(Canada; 51°21'17.43"N, 56°39'41.96"W; Figure 3), on the northwestern coast of the 

Great Northern Peninsula within the Strait of Belle Isle Ecoregion. The site occurs 

adjacent to the Sandy Cove Ecological Reserve 

(http://www.env.gov.nl.ca/env/parks/wer/r_sce/index.html). Climatic characteristics 

include 760-900mm of precipitations per year, approximately 120 frost-free days, and 

daily average temperatures ranging from -0.4° ï 5.0°C (Banfield, 1983; Roberts, 1983; 

Environment Canada, 2013). The study site is approximately 50ha and, consists of 

overburden piles and pits resulting from quarrying, human exposed and naturally 

occurring limestone bedrock, and limestone and crowberry barrens. Overburden piles 

are vegetated by non-native and opportunistic native weedy species, while pits and 

quarry-exposed bedrock areas remain non-vegetated. Natural limestone and crowberry 

barrens are patchy amongst human-degraded areas. All research was conducted under 

appropriate government permits. 

2.3.2 Aerial Photograph Interpretation and Surface Model Construction 

A preliminary site assessment was conducted using historical aerial photographs 

pre- (i.e. 1948) and post- (i.e. 1968, 1979, 1989, and 1995) road development using a 

stereoscope to assess landscape change (Janes, 1999; Greene, 2002). Identified 

landscape features included: human-degradation including dwellings, roads, 

overburden piles, and quarry pits; natural areas including potential limestone barrens 

http://www.env.gov.nl.ca/env/parks/wer/r_sce/index.html
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habitat (i.e. open, non-vegetated areas characterized by high albedo; see Greene 

(2002)); and geological features including historic beach ridges. Features were traced 

onto transparency paper for each year to determine temporal land use change. Human-

degraded and natural areas were differentiated using change over time, interpreting 

elements such as texture (i.e. rough vs. smooth), tone (i.e. light vs. dark), linear 

features, and hollows and peaks visualized by vertical and slope exaggeration. The 

latter term occurs when the vertical scale becomes greater than the horizontal scale 

allowing one to discern small topographic changes on a landscape (Sabins, 1978). 

Perceived exaggeration is converted to real elevation values using flight height and 

focal length of the lens (Rosas, 2011). All aerial photographs and their respective 

transparencies were orthorectified using PCI Geomatica 2012 Orthoengine® version 

4.7.1. Transparencies were heads-up digitized using ESRIÈ ArcMAPÊ version 10.1 

(Appendix II; ESRI (2011)). 

The historical geomorphology was modeled using regularly sampled 

geomorphology points. Model creation, depicting the historical geomorphology, used 

regularly sampled elevation points taken within remnant natural areas and not within 

degraded areas between June and August 2013. Points were sampled at 20m Universal 

Transverse Mercator (UTM) grid intersections predetermined in ESRI® ArcMAPÊ 

version 10.1. Predetermined points within the outlined 50ha study site were 

subsampled to include every other point from south to north to maximize the area 

sampled within the study period. Given the small amount of available remnant natural 

area and grid points falling within these areas, opportunistic sampling occurred along 

transects to increase the number of natural points collected and minimize gap size in 
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the surface model. A total of 463 points were collected using a Trimble® GeoXH 

handheld GPS with antennae unit and Trimble® TerrasyncÊ software to ensure sub-

metre accuracy following post-processing of data (see Appendix II). Points were 

ground-truthed between June and August 2013 to confirm aerial interpretation. 

The surface model recreated the study site using remnant natural patches. The 

existence of remnant patches allowed for interpolation, providing coarse topographical 

information where human-degraded gaps currently exist on the study site. Uncertainty 

with interpolation is acknowledged given increasing gap size increases error despite 

sampling density (Doucette and Beard, 2000). Also, factors such as terrain complexity 

influence this uncertainty where more complex terrains demonstrate greater error at 

smaller gap sizes (Doucette and Beard, 2000), the limestone barrens having a low-

moderate complexity. Aside from evaluating mean absolute error associated with 

interpolated values, results can be further verified using advanced photogrammetry 

techniques (Butler et al., 1998). 

Geostatistical and deterministic interpolations were used to model historical 

landscape elevation and slope at the study site, prior to substrate removal, using 

collected points from remnant natural patches. All elevation points occurring on 

human-degraded areas were removed, with 336 of the 463 points occurring within 

remnant limestone barrens patches (i.e. crowberry barrens, limestone barrens or 

bedrock). Surface interpolation is a common approach in predicting elevation values 

across a landscape (Chaplot et al., 2006) though does have inherent drawbacks 

depending on sample density and gap size as mentioned above. The purpose of this 



29 

step was not to create a high resolution surface, but rather to coarsely depict the sites 

historical topography to guide the construction of a similar historical configuration. 

Two surface interpolators were selected - ordinary kriging and inverse distance 

weighting (IDW) (Chaplot et al., 2006). The former method was selected to attain a 

measure of error around the elevation predictions (ESRI, 2004) and given its ability to 

work well on data points that are spatially clustered and sparse (Doucette & Beard, 

2000). The deterministic surface interpolator IDW was used for comparison to the 

geostatistical method of kriging. The Geostatistical Wizard in ESRIÈ ArcMAPÊ 

version 10.1 was used to run interpolations. 

2.3.2.1 Statistical Analysis 

Collected point data were assessed using exploratory spatial data analysis 

(ESDA) for normality, spatial autocorrelation and trends (ESRI, 2004). ESRI (2004) 

'model training' protocols were then followed to validate model protocol selection. 

This required random point selection to create a test subset (n=34) and training subset 

(n=302). The latter subset was used to construct four ordinary kriging surface models 

using the Exponential, Guassian, Quartic and Constant kernel functions, and one 

deterministic model (IDW). The empirical semivariogram was modeled using the two 

most common, Spherical and Exponential models (ESRI, 2004). Optimized model 

parameters (i.e. nugget, range, and sill) were selected in all cases; instrument error was 

set to 97.5% given that 2.5% of the post-processed points using Trimble® GPS 

Pathfinder® Office software (Version 4.10) were above 1 m accuracy; given the 

historical beach ridge geomorphology, anisotropy was selected to accommodate the 

unequal rate of change between the north-south and east-west directions. The test 
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subset was used to validate the five predicted surfaces. The surface with unbiased 

predictions, minimal difference between measured and predicted values, and a valid 

assessment of uncertainty and variability was then selected (ESRI, 2004). To 

determine if measured elevation values differed significantly from predicted model 

values a non-parametric Kruskal Wallis test was used given non-normal data. 

2.3.3 Defining reference limestone barrens patches and current site 

characteristics 

Reference sites provide baseline targets, important structural and functional 

habitat information, and benchmarks for project success. Current site features, 

including natural and human-degraded, were defined using vegetation transects, and 

substrate and nutrient sampling. A total of 20 transects (N=7 overburden; N=2 

crowberry; N=3 limestone barrens; N=6 quarry floor (Dart, 2013)), with equally 

spaced 1m x 1m quadrats (n=3-5) along varying lengths were conducted mid to late 

July of 2012 and 2013, given most native species flower early to midsummer. Total 

percent cover and cover of individual species were estimated in each quadrat to the 

nearest 5%. Plant species covering <5%, were recorded as 1% (i.e. trace). Two 

observers conducted side-by-side surveys on alternating plots (one observer per plot) 

to reduce observer bias. Photos and voucher specimens were collected for unknown 

species for later identification. 

Substrate samples were collected in the same areas as the vegetation plots from 

Sandy Cove (n=148) in June 2012, which occurs within habitat identified as limestone 

barrens (Environment Canada, 2012), for substrate and nutrient analysis. Substrate 

samples (74 - 5 x 5 x 10 cm) were collected from overburden piles, classified as 
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Young (Y, ~15yrs; n=12), Mid (M, ~25yrs; n=12), and Old (O, ~45yrs; n=18) 

predetermined from aerial photographs, natural crowberry heath (n=6), limestone 

barrens (n=8), and the quarry floor (n=18; Dart, 2013). Samples were air dried and 

then 50g were wet and dry sieved with 0.5g/mL of Epsom salts to determine gravel, 

sand and silt/clay percent composition (Allen, 1975; Greene, 2002). Nutrient samples 

were analysed by the Newfoundland and Labrador (NL) Natural Resources 

Geochemical laboratory (St. Johnôs, NL) using loss-on-ignition at 550°C for organic 

material and total multi-acid digestion, ICP determination (Finch, 1998). Substrate 

samples were additionally sorted to remove the >2mm fraction and assessed for pH. A 

subsample of 10g was mixed with 25mL of distilled water and stirred for 0.5hrs 

(Hendershot et al., 2008). A Fisher Scientific Ê accumetÊ AB15 Plus BasicÊ 

pH/mV/°C Meter was used to measure pH, and was calibrated with three buffers 

(pH=4, 7, 10) every 12 samples to maintain accuracy (Hendershot et al., 2008). 

Potential limestone barrens patches interpreted from aerial photographs were 

assessed for optimal habitat quality defined by Greene (2002). The 14 observed 

remnant limestone barrens patches were visually assessed for human or natural 

disturbance level (i.e. high, medium, low), and coarse percent cover of substrate and 

vegetation. The former was determined using a pre-constructed dichotomous key (see 

Appendix II, Table AI I.1), informed by previous studies (Janes, 1999; Greene, 2002; 

Rafuse, 2005). The key categorized patches as: human-degraded (low, medium, high), 

naturally disturbed (low, medium, high), or other (beach, crowberry barrens, 

overburden). In addition, remnant habitat patches were assessed for substrate and 

vegetation percent cover using 10 regularly sampled 0.5 x 0.5m quadrats along 
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transects (n=1-5) running parallel to the ocean and ranging in length (10-150m) 

depending on patch shape and area (70-8000m
2
). In contrast to previous vegetation 

transects, percent cover of individual species was not recorded in the field, but rather a 

digital photograph (Nikon CoolPix AW100) of each quadrat was taken given the main 

interest in substrate cover. Also, these images will serve as a permanent record for 

baseline monitoring of reference habitat patches. Using Adobe® Photoshop Elements 

12, percent cover was visually assessed from photos and rounded to the nearest 5% for 

each class. Bare ground was subdivided into: soil (dark organic material); fines 

(particles <2mm; silt/clay, sands), gravels (2mm<256mm; granules, pebbles, cobbles); 

boulders (256mm<4096mm); and bedrock (Wentworth, 1922) similar to Robinson 

(2010). 

2.3.3.1 Statistical Analyses 

Dissimilarity in species compositions across the study area (i.e. quarry floor, 

vegetated and non-vegetated overburden piles, and crowberry and limestone barrens) 

was determined using unconstrained non-metric multidimensional scaling (NMDS) 

using the ñmetaMDSò function in the Vegan package (Oksanen, 2000). This method 

was used given the interest in species compositions across the study site, non-linearity, 

and the large number of zeros in the data (Zuur et al., 2007). To ensure a global 

minimum was reached and did not stalled at a local minimum, a loop with 1000 

iterations was run using the ñprevious.bestò function in the ñmetaMDSò wrapper. A 

second matrix containing explanatory abiotic variables was fit to the species ordination 

using Veganôs ñenvfitò function. To avoid collinearity in abiotic variables, variation 

inflation factors (VIF), and forward selection using Veganôs ñordistepò function was 
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used to remove redundancy (Zuur et al., 2009). VIF values obtained were below three, 

similar to Zuur et al. (2009) as higher values suggest collinearity or variation in one 

variable that is well explained by another. The Bray-Curtis semi-metric distance was 

used to rank species percent cover data as the data violated the triangulation 

assumption (McCune et al., 2002).  

Variability in identified remnant limestone barrens patches in terms of coarse 

percent vegetation and substrate cover was assessed using the nonparametric 

permutation based multivariate analysis of variance (PERMANOVA) adonis test. This 

test is analogous to the parametric MANOVA to compare multiple response variables 

(Oksanen, 2000), in this case cover classes, and was used given violation of normality. 

Percent cover of each group (i.e. moss, other, fines, gravel, boulder, and bedrock) was 

the response variable, while the explanatory variable ódisturbanceô was ranked in 

accordance with the dichotomous key and on a scale from high human disturbance (-3) 

to high natural disturbance (3) with crowberry barrens (0) acting as the midpoint. The 

assumption of homogenous group beta dispersion between ódisturbanceô levels was 

assessed using Veganôs ñbetadispò function. All analyses were conducted using R 

Software version 3.0.2. 
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2.4 Results 

2.4.1 Historical aerial photograph interpretation depicts limestone barrens 

habitat loss and landscape change through time setting restoration targets 

Identifying remnant habitat patches is important for the selection of reference 

sites, and the development of restoration protocols and targets. Historical aerial 

photographs provided a time lapsed series of the study site from 1948 to 1995, 

depicting how human activity has affected the area, and the portion of at-risk potential 

limestone barrens lost. Patches were identified as having high albedo, and low 

vegetation cover (Greene 2002). In 1948, Sandy Cove had minimal human-

degradation; a few trails, cleared forest patches and community dwellings. Dwellings 

are situated within a bay between two halves of the Sandy Cove Ecological Reserve 

(Figure 4B). No potential limestone barrens were observed here, though presence prior 

to inhabitation is unknown. Open limestone barrens are patchy within the study area 

(Figure 4B), historically occurring on ancient beach ridges, in close proximity to the 

coast, and intermittent amongst the vegetation (i.e. crowberry barrens). Beach ridges 

were a characteristic feature of the surrounding landscape given glacial retreat, 

submergence and re-emergence history (Grant, 1992); creating a heterogeneous 

landscape where beach ridges are separated by low lying bogs and ponds. The 50ha 

study site, in 1948 consisted of 9.8% potential limestone barrens and 90.2% vegetation 

and water (eg. ponds and bogs) (Figure 5A). These historical aerial photographs 

outline that open potential limestone barrens are likely rare within the bigger 

landscape. 
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The main source of habitat degradation and fragmentation at the study site was a 

main highway (Viking Trail Highway, Route 430) constructed in the early 1950s; first 

observed in the 1967/68 aerial photographs. The selected route for the highway was 

along the coast, more specifically on the ancient beach ridges. Additionally, quarry 

operations began around this time; road operations utilizing the easily accessible 

material at the surface or just below the crowberry barrens, targeting limestone barrens 

patches given their degradation and loss observed in sequential photographs. The 

aerial photographs provide evidence of linear features flanking the road suggesting 

material was removed to build the highway. This activity at the study site resulted in a 

2.3% loss of the outlined 9.8% potential limestone barrens. Replacing open limestone 

barrens within the historical landscape are road and quarry land uses. Road 

construction was a precursor to subsequent degradation and loss of local site 

topography and at-risk limestone barrens. 

Road construction and quarry activity degraded and destroyed potential 

limestone barrens on the landscape, while the latter also altered landscape 

geomorphology and topography. In 1979, quarry activity was the most pronounced. 

From its first occurrence in 1967/8, activity had expanded northward. Overburden is 

piled on site and limestone substrates have been removed to bedrock in some areas. 

This pit and piling disrupted the uniform topography observed in 1948 and 1967/8. 

The amount of quarry activity coincides with highway upgrades and rerouting 

approximately 75m southeast of the study site. After 1979, further quarry expansion 

and change in potential limestone barrens was minimal. From 1979 to 1995, quarry 

expansion and road upgrades led to an additional 1.9% loss of the remaining 7.5% 
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potential limestone barrens observed in 1967/68 within the study site (Figure 5B). 

Collectively, road and quarry activity degraded 43% of the original 9.8% potential 

limestone barrens and 23ha or 39% of the study site in total. Remnant potential 

limestone barrens patches are now more isolated among the altered siteôs matrix of 

open quarry floor, overburden piles, and highway (Figure 5B), highlighting the sites 

hybrid state. What type of limestone habitat existed in those now degraded areas, 

whether high or low quality, is unknown. However, those outlined areas that still 

remain provide reference sites likely possessing similar characteristics given the 

proximity, allowing for their use in setting baseline restoration targets. 

2.4.2 Surface interpolation model allows for original site topography 

reconstruction and landscape restoration using remnant reference habitat 

Historical aerial photograph interpretation and collected elevation data inform 

protocols to restore landscape topography, including elevation and slope, aimed 

towards mimicking pre-road and -quarry degradation using surface interpolation. 

Using the test and training method, ordinary kriging with an exponential kernel and 

stable function had the smallest mean difference between measured and predicted 

values (0.0014m), which should be close to zero (ESRI, 2004). Using this pre-

determined protocol, the final interpolation had an average mean difference between 

measured and predicted values of -0.0038m, and a lower RMSE and variation between 

predicted and measured values (RMSE=0.58m; Average SE=0.59) relative to the 

validated model (see Appendix III). The model slightly overestimated measured values 

(0.97m). In addition, prediction errors are highest in areas with no associated point 

data (i.e. degraded locations) and have an increased distance from the nearest 
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neighbour, which was expected. The interpolated surface produced a 3-dimensional 

model coarsely depicting the siteôs historical beach ridge topography (Figure AI II.3), 

which will guide the future restoration of site topography. 

2.4.3 Characterizing optimal limestone barrens to define a reference model to 

guide restoration efforts 

The percent cover and species composition of human-degraded and natural areas 

is dissimilar. Limestone barrens and vegetated overburden piles differed with the latter 

dominated by species not native to the limestone barrens including Leymus mollis 

(Trin.) (Poaceae; 28-57±1-5%), Taraxacum spp. (Asteraceae; 3-9±1-2%), Vicia cracca 

L. (Fabaceae; 4±2%) and Equisetum sp. (Equisetaceae; 1-3±1-2%). The non-vegetated 

overburden and the quarry floor overlap and are both dominated by native limestone 

barrens species including sedge spp., P. maritima L. subsp. juncoides (Lam.) Hultén 

(Plantaginaceae), moss spp., Rhodiola rosea L. (Crassulaceae) and Achillea 

millefolium L. subsp. lanulosa (Nutt.) Piper (Asteraceae) (Figure 6). In contrast, 

natural limestone barrens are dominated by bare ground (64±2%) and the native 

species Dryas integrifolia Vahl. subsp. integrifolia (Rosaceae; 20±1%). In terms of 

species composition and percent cover, the NMDS suggests open limestone barrens 

are more similar to crowberry barrens which is dominated by Empetrum nigrum L. 

(Empetraceae; 20±2%), D. integrifolia (18±2%), Salix reticulata L. subsp. reticulata 

(Salicaceae; 18±3%) and Betula pumila var. glandulifera (Betulaceae; 13±3%) (Figure 

6). Additionally, the variability in species found inhabiting human-degraded areas 

relative to natural areas was greater given the spread of points in space suggesting 
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species assemblages are random, and opportunistic colonization by those species 

arriving first. 

Variation in species compositions across the study site are in part attributed to 

substrate particle size, bare cover and four geochemical properties. Vegetated 

overburden (Treatments=Young, Mid and Old) and limestone barrens are polarized 

along the first axis, the former being positively correlated with organic material (LOI) 

and the latter with bare ground cover (Figure 6). On the second axis, vegetated 

overburden is positively correlated with phosphorus, while both limestone and 

crowberry barrens are negatively correlated with phosphorus and positively correlated 

with percent silt/clay and manganese (Figure 6). Both the quarry floor and limestone 

barrens are positively correlated with bare ground, the latter on average demonstrating 

a higher percentage. These results suggest that human alteration of limestone barrens 

substrate and geochemical properties, particularly the increase in phosphorus and 

organic material, has led to the observed dissimilarities in species composition. 

Remnant limestone barrens patches identified from aerial photographs are 

visually heterogeneous in terms of disturbance level and ground cover. Human-

modified site cover was dominated by bedrock (10-35±0-5%) and gravel (30-50±5%) 

(Figure 7). In contrast, naturally-disturbed remnants had high percent covers of gravel 

(50-65±0-5%) and vegetation (30±0-5%) including D. integrifolia and J. horizontalis 

(Figure 7). In terms of percent cover of soils, fines, gravel and boulders, human-

modified and natural-disturbed sites were found to differ significantly (pseudo-F=5.07; 

r
2
=0.13; p=0.001). Further, variability among intact remnant patches suggests not all 
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potential habitat sites identified in aerial photographs are high quality reference habitat 

(open, non-vegetated and heterogeneous substrate exhibiting natural substrate 

disturbance), rather sites range on a scale from low to high quality (Table AI II.4). 

However, the low r
2
 value suggests another variable(s) aside from the scaled level of 

disturbance remains unexplained. Those classified as high quality make up 

approximately 67.8% (~3.8% of the study site) of the potential limestone barrens 

habitat patches identified in aerial photographs. 
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2.5 Discussion 

This study provides a series of readily available tools to support restoration 

efforts that utilize a regionôs pre-existing framework and existing ecological memory. 

The approach outlined here using a series of historical aerial photographs creates a 

foundation for subsequent restoration steps. It acknowledges historical geomorphic 

structure which is key to the recovery of habitat function in a hybrid system, and 

facilitates threatened and at-risk ecosystems such as global limestone barrens with 

intact reference sites along the target historical trajectory. Despite loss of pre-existing 

site features due to gravel quarrying and road construction, the interpretation of 

historical aerial photographs pre- and post-road construction provided a means to 

identify and describe local topography and relevant remnant open limestone barrens 

reference habitat.  

More importantly, it necessitates the critical assessment comparing the degraded 

quarry floor and stockpiled overburden material to natural sites in terms of absent or 

abundant abiotic (e.g. geochemical, substrate) or biotic (e.g. vegetation) components. 

The previously smooth landscape depicted in historical aerial photographs and 

remnant natural areas supports the removal or leveling of overburden to restore 

topography. However, the overburdenôs dissimilarity to reference sites opposes its use 

in the restoration of open limestone barrens habitat as it would hinder the recovery of 

habitat function. This is in contrast with many projects where available overburden is a 

source of organic material or fill (Strohmayer, 1999). Characterizing reference sites 
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and the historical landscape, and the continued incorporation into restoration planning 

is critical (Clewell and Aronson, 2013; Balaguer et al., 2014). 

Characterizing reference habitat in terms of topography, and geochemical, 

substrate, and vegetative composition is important for determining the extent to which 

habitats are degraded, whether it exists in a historical, hybrid or novel state (Hallet et 

al., 2013), to defining restoration targets, and setting benchmarks for restoration 

success (Society for Ecological Restoration International Science & Policy Working 

Group, 2004; Clewell and Aronson, 2013). The method outlined here using historical 

aerial photographs, surface interpolation and intact reference sites identifies and allows 

for the incorporation of topography into restoration protocols to mimic aspects such as 

beach ridge geomorphology, providing the foundation to revive dormant ecological 

memory and initiate site development towards the reference trajectory (Balaguer et al., 

2014) in terms of functional and structural components. 

Geochemical and physical soil properties, and geomorphology can constrain 

vegetation colonization and recolonization (Palik, 2000; Raab et al., 2012), and 

influence disturbance regimes (Jonasson, 1986). For example, the only endemic plants 

on the island of Newfoundland are found on the limestone barrens, which may in part 

be due to the calcareous geology in combination with fine to coarse sediment 

properties that are associated with higher incidences of endemic species (Anderson and 

Ferree, 2010). The high silt/clay fraction of intact remnant limestone barrens areas 

have been similarly observed in other studies (Greene 2002), while the low 

concentrations of phosphorus and percent organic material are conducive to the frost 
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sorted substrates of the limestone barrens (PNAD, 1990) and arctic-alpine regions 

(Jonasson, 1986). Observed discrepancies in these properties between reference sites, 

and overburden and quarry floors support the shift in historical habitat function to the 

current hybrid state. However, this baseline information also sets targets for 

monitoring and properties that need to be restored for colonization of native flora. 

Previous studies have suggested the lack of observed fine-grained silt/clay 

material in human-modified limestone barrens substrate limits moisture retention and 

frost susceptibility (Greene, 2002). Further, lack of gravel pit recolonization within 

northern climates has been attributed to low moisture retention and nutrient availability 

given lack of organic and fine material (Firlotte and Staniforth, 1996). The quarry floor 

within this study remained largely non-vegetated (~67% bare ground cover), and has 

demonstrated minimal native species re-colonization within the last 45 years (Mason, 

2014), similar to other limestone quarries (Hopper and Bonner, 2003), negating the 

benefit of spontaneous regeneration despite its effectiveness observed in other 

ecosystems (Tomlinson et al., 2008). However, the lack of colonization by invasive 

species, and species not native to the limestone barrens on the quarry floors suggests a 

structural threshold has not yet been crossed. Rather the current state is reversible as 

those species that are recolonizing are native (Mason, 2014).  

To supplement quarry floors, adding organic and fine material utilizing existing 

overburden has been suggested (Firlotte and Staniforth, 1996). However, increasing 

organic material can negatively affect habitat development, including a reduction in 

frost susceptibility, freeze-thaw cycling (Chantal et al., 2006), and promotion of 
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woody and rhizomatous plant species colonization (Jonasson, 1986). Such plants can 

also indirectly affect freeze-thaw cycling and natural substrate disturbance (Peterson et 

al., 2003; Hjort and Luoto, 2009). Acknowledging how degraded sites such as quarry 

floors should be supplemented to improve native species recolonization and habitat 

function will be key to development along the target trajectory (Heneghan et al., 2008). 

The importance of incorporating soil and substrate knowledge into restoration to 

improve substrate properties and habitat development has been emphasized in a 

number of studies such as Heneghan et al. (2008). For example, Ballantyne (1996) 

demonstrated the recovery of frost sorting in transplanted frost susceptible substrate in 

Scotland, suggesting substrate properties rather than location are important for this 

small-scale disturbance. This also supports the idea of ecological memory that 

remained within this previously frost sorted substrate. Thus, manipulating these 

properties in human-disturbed sites (Heneghan et al., 2008) to revive latent ecological 

memory and mimic the natural limestone barrens reference as suggested by Greene 

(2002) will be important to restore composition, geochemical properties, frost 

susceptibility and native calciphile re-colonization and persistence. Further it will 

assist hybrid systems such as the quarries observed within the limestone barrens 

ecosystems towards their historical trajectory. 

Overburden piles on site demonstrate dissimilar characteristics to reference sites 

including a reduced percent silt/clay, calcium and magnesium, increased organic 

material and the non-native rhizomatous species Leymus mollis and Vicia cracca. The 

presence of these species suggest a lack of frost disturbance as they tend to be absent 
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from frost sorted grounds (Jonasson, 1986). The colonization of ruderal and non-native 

species on overburden is not uncommon and has been similarly observed in other 

limestone quarries (Hopper and Bonner, 2003) and coal mines (Dos Santos et al., 

2008). The benefit of using stored overburden material in restoration is dependent on 

the restoration target. Its use is apparent, though it can hinder the systemôs recovery 

along the target trajectory, perhaps even pushing an ecosystem past a structural or 

functional threshold. Acknowledging these differences allows for its appropriate use or 

lack thereof in restoration as suggested here. 

Historical aerial photographs are an important tool readily used to identify 

landscape change through time (Bierman et al., 2005). In Estonia, patches of alvar 

grasslands were identified using detailed maps outlining vegetation cover (Helm et al., 

2006) and historical aerial photographs (Pärtel et al., 1999). These authors depicted the 

reduction in their distribution and area over time due to human activities. Here, a 

similar means was used for pre- and post-road to identify habitat loss and landscape 

change, but also to outline the distribution of remnant limestone barrens reference sites 

to assist in setting restoration targets. Aerial photographs depicted a scattered yet 

connected distribution of limestone barrens patches within the study site, making up 

approximately 10% of the study area pre-human degradation, and supporting its 

inherently low prevalence on the landscape. Similar to the study in Estonia, the 

fragmentation of original patches lead to the observation of more smaller disconnected 

patches over time. 
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A key point in the conservation of many ecosystems including the limestone 

barrens, and emphasized by Helm, Hanski & Pärtel (2006), is connectivity between 

these fragmented patches for the trajectory of future community composition. Patch 

size and distribution on the landscape are well known to contribute to species 

persistence, where isolation can lead to a genetic isolation and inbreeding depression 

(Turner, 1989). Though B. longii may not be hindered by the latter given it is self-

fertilized (Parsons and Hermanutz, 2006; Environment Canada, 2012), the fragmented 

habitat may impede its ability to move with the changing climate given low dispersal 

capabilities (<50 cm) (Tilley, 2003) and naturally sparse distribution of high quality 

habitat (Greene, 2002). Acknowledging the historical and current extent and 

distribution of habitat patches on the landscape will be important for reconnecting 

patches, restoring species-at-risk into their historic habitat range as outlined in Federal 

Recovery Strategies (Environment Canada, 2012) and prioritizing areas for restoration 

to create stepping stone habitats (Jump and Peñuelas, 2005). 

In this study, surface interpolation was used to recreate the historical landscape 

that existed prior to substrate removal, providing a coarse model for historical 

landscape restoration to be applied in high priority areas. Data deficient or quarried 

regions had high prediction errors on the study site, though the presence of remnant 

natural areas allowed for the surface to be created. Chaplot et al., (2006) showed that 

ordinary kriging using high point spacing on a relatively smooth landscape in France 

was an appropriate and accurate method. In cases where LIDAR data are available, it 

would provide more accurate microhabitat information (Questad et al., 2013) not 

provided in ground collected data and aerial photographs. Despite areas for 
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improvement, the approach developed here is simple, flexible and can accommodate 

for differences in landscape topography if aerial photographs pre-human modification 

and remnant patches are present, making it applicable to the broader field of 

restoration. 

Merging historic and current site information will guide the restoration of 

topography, historical geomorphology, and critical habitat in hybrid systems with 

intact reference sites that lack non-native and invasive colonization and retain 

historical characteristics. It is important to note that this is a proposed method to guide 

the system along the historical trajectory. However, like many restored systems the 

end result is open-ended as systems are constantly evolving, especially under 

conditions of environmental change. We can only incorporate what is known or best 

predicted to assist in restoring a system to within its historical range, implementing 

adaptive management strategies in the future to maintain the favoured trajectory. 

2.6 Recommendations 

Identifying reference limestone barrens patches sets a baseline and benchmark 

for the quantity and distribution of habitat on the landscape, vegetation recovery, and 

for monitoring habitat restoration. Within the study area, a minimum of 10% (5.0ha) 

should be restored to limestone barrens given the existence of ~9.8% prior to human 

modification of the study site. The reduced amount of habitat remaining, and 

dissimilarity of human-modified locations from reference sites emphasizes the 

ecosystems hybrid state. It should be acknowledged that the ecosystem can be guided 
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within the historical range, however the endpoint along this trajectory is unknown and 

will likely still possess hybrid characteristics. 

These recommendations should be implemented in high priority areas to improve 

the landscape matrix, creating óstepping stone habitatsô between remnant patches, 

theoretically allowing the adaptation and expansion of native and endangered species 

in the face of a changing climate (Jump and Peñuelas, 2005; SER, 2009). High priority 

areas will require geochemical and substrate modifications if dissimilar from the 

reference site to allow for re-establishment of the native disturbance regime and floral 

community. Furthermore, overburden piles with high quantities of organic material 

and phosphorus should be removed from the site to reduce non-native limestone 

barrens species colonization and seed input, allow for freeze-thaw cycling, and restore 

site topography. Restoring the abiotic foundation in terms of landscape topography, its 

latent ecological memory, and morphology will be critical in guiding ecosystems 

toward their target trajectory. This study outlines such an approach to achieve this 

foundation, combining the use of historical, current, and future site information for 

hybrid ecosystems such as Newfoundlandôs limestone barrens.
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Figure 4. Limestone barrens (i.e. Limestone habitat - Black) of the Great Northern 

Peninsula, Newfoundland (Canada). A) Locations of limestone barrens on the Great 

Northern Peninsula. Figure modified from Maunder (2010) and Environment Canada 

(2012); B) 1948 Aerial photograph (Department of Natural Resources, 1948a, 1948b) 

of Sandy Cove Ecological Reserve and open limestone barrens present in 1948. Map 

created using ESRIÈ ArcMAPÊ version 10. 

Figure 5. Aerial photograph time series depicting limestone habitat (grey polygons) 

loss in the outlined study site. Note that polygons are overlain on a 1967 aerial image 

(Department of Natural Resources, 1968a, 1968b) given the poor resolution of the 

1948 image. A) 1948; B) 1995. Map created using ESRI® ArcMAPÊ version 10.1. 

Figure 6. NMDS ordination displaying species compositions across the Sandy Cove 

study site. Stress is 0.16 after 8294 tries using previous.best. Abiotic factors with VIF 

less than three are fit to the species ordination. The Vegan packageôs metaMDS and 

envfit functions in R software version 3.0.2 were used to run analysis and create plot. 

Abbreviations: NV=Non-vegetated. 

Figure 7. Average percent cover of moss, other vegetation including woody and 

herbaceous cover, soil, fines, gravel, boulders and bedrock across human-modified and 

natural sites. Both sites range in level of disturbance from low to high. 
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