
 

 

SUPPLEMENTARY MATERIALS 

 

APPENDIX S1: Methods for generating data layers for conservation principles  

All data layers were converted to raster and resampled at a 5-arc minute resolution (~10 km by 

10 km grid). Data were normalized on a scale of 0 to 100 for each data layer, where 0 was 

equivalent to least need and 100 was equivalent to greatest need for protected areas. This scale 

enabled us to compare priorities across all conservation principles. A spatial analysis tool, with 

all data layers, is available at climaterefugia.ca/research/canada-target-1/conservation-planning-

tool and can support tailored data exploration. 

 

Data for Principle 1: Protecting species-at-risk  

We obtained range map information for 490 species-at-risk in Canada listed under SARA, where 

range information was available on March 28, 2013. Range maps were derived from a 

combination of datasets including: Environment Canada geospatial dataset combined with 

COSEWIC assessments or recovery strategies, digitized maps from reports, and NatureServe 

(ECCC 2016). The density of species-at-risk was converted to a scale ranging from 0 for the 

minimum density of species-at-risk in the dataset (1 species) to 100 for the maximum (62 

species). We assess the relative importance of different areas according to Principle 1 regardless 

of the extent of the species’ range within Canada. 

 

How much Canada should prioritize species whose ranges exist primarily outside of the country 

(i.e., peripheral transboundary species) has been debated. From a global perspective, and to 

maximize the effectiveness of conservation resources, Canada has substantial “global 
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responsibility” to address declines for non-peripheral species with a significant amount of the 

total population or range within Canada (Bunnell et al. 2006). On the other hand, peripheral 

populations in Canada may be critically important in facilitating species’ range shifts poleward 

in the face of climate change (Gibson et al. 2009; Rehm et al. 2015). Interestingly, peripheral 

populations can be less prone to extinction than core populations (Channell and Lomolino 2000; 

Laliberte and Ripple 2004). We recommend evaluating Principle 1 by first assuming that all 

species-at-risk in Canada are equally valuable and then weighting each species according to the 

global responsibility that Canada has for that species (e.g., using the categorical system of 

Bunnell et al. 2006).  

 

Data for Principle 2: Representing ecosystem diversity 

Data on current protected areas in Canada were obtained through the Canadian Council on 

Ecological Areas - Conservation Areas Reporting and Tracking System (CARTS). We excluded 

protected areas that were non-terrestrial or do not currently meet CBD standards for protection 

(i.e., CARTS status listed as uncertain or not applying towards Aichi 11 targets). The average 

amount of terrestrial-based protected areas was calculated for each ecoregion (ESWG 1995). 

Ecoregions were then normalized on a scale of 0 (greater than or equal to 10% protected areas 

within ecoregion; meets Aichi Target 11) indicating that the minimum representativeness target 

is currently met to 100 (no protected areas within ecoregion). Although 10% protected areas 

within ecoregions is unlikely to be sufficient based on ecological criteria (Svancara et al. 2005; 

Noss et al. 2012; Dinerstein et al. 2017; Locke 2015), this threshold was used to illustrate major 

policy based gaps in protecting ecoregions of Canada. 

 



 

 

Data for Principle 3: Conserving remaining wilderness  

Within Canada, land-use legacies affect levels of disturbance, ranging from regions with high 

human density and/or high levels of resource extraction to wilderness areas that remain in a 

relatively intact state. Based on a combination of data sources (European Space Agency land 

cover 2017 maps.elie.ucl.ac.be/CCI/viewer/; gridded population of the world version 4 2015 

sedac.ciesin.columbia.edu/; Global Forest Watch Canada intact forest and Canada access 

data.globalforestwatch.org/), we identify regions that are heavily settled and/or cultivated for 

agriculture. Regions of resource extraction are identified using data from the Global Forest 

Watch Canada - Canada Access dataset (data.globalforestwatch.org/) based on combined 

anthropogenic land surface disturbances caused mainly by industrial activities, including, but not 

limited to, roads, mines, forestry clear cuts, well sites, pipelines, transmission lines, and 

agricultural clearings. Wilderness regions represent the part of the Canadian landmass that is not 

densely settled, cultivated, or involved in intensive resource extraction; this definition of 

wilderness includes areas with traditional Indigenous land uses. In order to emphasize the 

importance of large intact wilderness regions uninterrupted portions of wilderness land that 

exceeded 5000 km2 (see Gurd et al. 2001; Leroux et al. 2007) were ranked at a priority of 100 

while wilderness lands < 5000 km2 were ranked at a priority of 50.  

 

Data for Principle 4: Ensuring connectivity and resilience 

Within Canada, we developed a connectivity measure based on two data sources that prioritize 

key areas for connectivity: connectivity initiatives and riparian zones (each scaled between 0 and 

50), and then summed for a total value out of 100. Connectivity datasets span spatial extents 

ranging from national/international connectivity initiatives to fine-scale riparian connectivity. 
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The use of multiple approaches to quantifying connectivity priorities (Hannah et al. 2007) can 

reduce bias inherent in any single approach (Watson et al. 2008) and promote resilience. 

 

(a) We incorporated data on current large landscape conservation initiatives (Algonquin to 

Adirondack, Boreal Songbird Initiative, Two Countries One Forest, Yellowstone to Yukon) that 

include efforts to protect and connect habitat (Figure S4). Lands identified as important for 

connectivity by one or more of these initiatives were coded as present (50) and otherwise pixels 

were coded as 0 (binary coding). While we highlight existing large landscape conservation 

initiatives as a focus, a minimum standard of connectivity may also be relevant at a national 

scale (i.e., increasing functional connectivity across the country). Irrespective, with the exception 

of isolated protected areas, increasing protected areas across Canada is likely to make progress 

towards the second aim. As such we do not assess current baseline connectivity. 

 

(b) Riparian corridors protect both terrestrial and freshwater habitats and contribute to local scale 

connectivity, while allowing access of wildlife to water. We generated buffers around lakes and 

on either side of major rivers (CANVEC 2013). The importance of protecting riparian habitat 

was treated in a graded way, with areas given a 0-50 value from high importance (assigned a 

value of 50 if within 0-175 m from the river center or lake edge), intermediate importance 

(assigned a value of 37.5 if within 175-350 m), low importance (assigned a value of 25 if within 

350-1450 m), to non-riparian (assigned a value of 0 if beyond 1450 m). This scale gives extra 

weight to riparian buffer strips within 175 m of a waterway because they contribute to numerous 

ecosystem functions, including: soil retention, filtration, and local cooling effects (EC 2013; 

Aguiar et al. 2015; Johnson and Wilby 2015; Styles et al. 2016). Nevertheless, neighbouring 



 

 

areas (~ 350-1450 m) are also important and provide functional habitat and movement corridors 

for large mammals (Hilty and Merenlender, 2004). The two connectivity metrics (i.e., 

connectivity initiatives, and riparian zones) were summed, so that each contributed equally to the 

total connectivity principle.  

 

Data for Principle 5: Preserving climate refugia 

Climate change impacts biodiversity based on: (i) how fast climate changes at a single location 

through time (velocity); (ii) how much climate deviates from local climate change trends 

(extremes); (iii) how much climate changes in a focal area relative to surrounding areas (refugia), 

and (iv) how well climate at point A connects to climate at point B within a set period of time 

(climate connectivity). We focus on the first three aspects, based on historical data (for clarity we 

describe these as “climate refugia”), but we note that modeling future climate change would 

allow inclusion also of spatial climate connectivity (see McGuire et al. 2016). Protecting areas 

with slower changes in environmental conditions relative to neighbouring regions can reduce 

biodiversity declines associated with climate change by reducing the physiological mismatch of a 

species to its historic environmental conditions (Albright et al. 2011, Devictor et al. 2012, 

Coristine and Kerr 2015).   

 

We evaluated velocity, extremes, and refugia based on six climate variables measured between 

1983-2013 (BIOCLIM01: mean annual temperature, BIOCLIM 05: temperature of warmest 

period, BIOCLIM06: temperature of coldest period, BIOCLIM13: precipitation in the wettest 

period, BIOCLIM 14: precipitation in the driest period, BIOCLIM15: precipitation seasonality, 

(Coristine et al. 2016; for climate data see Hutchinson 2004; McKenney et al. 2011). All climate 



 

 

variables were assessed on a per pixel basis using a comparison of relative climate changes 

according to: 

 

Mean (Focal Neighbourhoodj) < Mean (Focal Annulusj) – SD (Focal Annulusj) Equation 1 

 

(where j represents a respective climate variable, assessed for rate or variance of climate change 

through time, and the mean and standard deviation are calculated on all pixels (5-arcminute) 

within the area of interest) to identify potential for climate change stability. Focal 

neighbourhoods ranged in size from 40 – 200 km diameter. The annulus is a neighbourhood 

surrounding, but not containing, the focal neighbourhood and becomes the region for 

comparison. Both neighbourhood and annulus are maintained at approximately equal area.  

 

Climatic changes were first categorized according to: how broadly low velocity and/or low 

extremes of climate change were preserved over space (i.e., the spatial region covered by focal 

neighbourhoods ranging from 40-200 km diameter); the number of climate variables with low 

velocity and/or few extremes of climate change; and the congruence between annual and 

seasonal preservation of low velocity and/or low extremes of climate change. For each pixel, 

climate changes within each category were deemed to exhibit climate refugia potential if they 

satisfied Equation 1.  Per pixel, categories were then combined using a fuzzy sum overlay 

function (ESRI 2017).  

 

Some sites may score well according to this fuzzy sum but still exhibit high flux for one or more 

of the climate change variables. We thus also excluded sites that were one standard deviation 



 

 

above the surrounding region for any of the six climate variables or categories.  That is, pixels 

were excluded if:  

 

Mean (Focal Neighbourhoodj) > Mean (Focal Annulusj) + SD (Focal Annulusj) Equation 2 

 

The remaining sites were then ranked according to a fuzzy sum function.  We identified 18.5% 

of the total land base as having potential climatic stability (i.e., 23,435 pixels). The values for all 

pixels were then rescaled so that the range fell between 100 (capturing the greatest number of 

climate variables exhibiting low velocity, low extremes, and refugia) and 0 (sites with no 

indication of low velocity, low extremes, or refugia). 



 

 

APPENDIX S2: Key Biodiversity Areas 

 

The IUCN established Key Biodiversity Area (KBA) approach is based on five criteria that apply 

at the species and ecosystem levels (IUCN 2016). These criteria are: 

A. Threatened biodiversity 

B. Geographically restricted biodiversity 

C. Ecological integrity (wholly intact ecological communities with supporting large scale 

ecological processes 

D. Biological processes (including demographic aggregations, ecological refugia, and 

recruitment sources) 

E. Irreplaceability through quantitative analysis (very high irreplaceability as identified 

through a complementarity based analysis) 

Sites identified under these criteria are significant for the persistence of a specific species or 

ecosystem (e.g., holding at least 20% of the global population of a species or being one of a 

limited number of areas (≤ 2) representing an ecoregion).  

 

To date KBAs have been identified in Canada only for birds and freshwater areas. In addition, 

efforts are underway to identify sites meeting Criterion C, Ecological Integrity. However, 

improved availability of data from conservation data centers across Canada would allow the 

identification under criteria A (Threatened Biodiversity) and B (Range Restricted Biodiversity). 



 

 

Supplementary Box S1. Potential threats to biodiversity (IUCN Threats Classification Scheme, 

Version 3.2). 

 



 

 

Supplementary Table S1: The top 30 ecoregions containing sites with the highest composite 

score across the five principles. Differences in scores between the two weighting methods 

highlight the impact of land-use legacy on protected area import.  Where multiple land-use 

histories co-occur within an ecoregion (under the relative weighting) only the highest priority 

index value for a single land-use in the ecoregion is provided.  Mean values are indicative of the 

overall priority for an ecoregion while maximum values are indicative of site specific priority (at 

the pixel level).   

   EQUAL WEIGHTING     RELATIVE TO LAND-USE LEGACY 

ECOREGION Maximum Mean   Maximum Mean           Land-Use 

Appalachians - - 
 

99.99 60.70 urban/resource 

Athabasca Plain 88.71 59.68  87.01 55.63 wild 

Churchill River Upland 93.66 54.26  92.71 49.92 wild 

Coastal Barrens 88.76 64.43  87.08 59.44 urban/wild 

Coppermine River Upland 94.21 67.65  93.34 62.95 resource/wild 

Dease Arm Plain 87.14 55.73  - -  
Fort MacPherson Plain 84.60 65.08  - -  
Franklin Mountains 86.50 66.38  - -  
Grandin Plains 95.08 77.63  94.34 74.27 wild 

Great Slave Lake Plain 100.00 71.93  100.00 69.32 wild 

Hayes River Upland 89.14 58.52  87.51 55.74 wild 

Interlake Plain 94.14 53.00  96.47 60.37 urban/resource/wild 

James Bay Lowlands 95.43 62.95  94.74 58.86 wild 

Kingarutuk-Fraser River 96.80 63.13  96.32 58.16 wild 

Klondike Plateau 97.12 67.86  96.68 67.30 resource/wild 

Lake Manitoba Plain - -  92.10 51.06 urban 

Liard Basin 92.73 63.78  91.64 61.34 resource/wild 

Long Range Mountains 83.54 50.40  - -  
Mackenzie Mountains 90.56 70.05  89.15 65.74 wild 

Mackenzie River Plain 91.79 62.43  90.55 67.48 urban/resource/wild 

Maguse River Upland 88.43 59.06  86.70 52.99 wild 

Manitoulin-Lake Simcoe - -  94.30 55.08 urban/resource 

Mecatina River 93.97 70.10  93.07 66.39 wild 

Mid-Boreal Lowland 91.89 56.40  90.67 57.31 urban/resource/wild 

Mid-Boreal Uplands 83.55 33.36  92.40 34.07 resource/wild 



 

 

New Quebec Central Plateau 86.69 51.78  - -  
Northern Alberta Uplands - -  91.83 54.71 resource 

Peace Lowland 92.77 46.44  100.00 60.34 urban/resource/wild 

Peel River Plateau 88.46 63.26  86.72 60.19 resource/wild 

Pelly Mountains 97.05 73.98  96.61 71.69 resource/wild 

Smallwood Reservoir-Michikamau 97.29 64.61  96.88 63.66 resource/wild 

Takijua Lake Upland 87.47 59.17  - -  
Wabasca Lowland 89.64 46.99  88.09 60.50 urban/resource/wild 

Western Alberta Upland - -  91.89 59.88 urban/resource 

Western Boreal - -  92.41 62.16 urban/resource 

Yukon Plateau-North 95.23 61.68  94.51 58.48 resource/wild 

       
      



 

 

(a) 

(b) 

(c) 

Supplementary Figure S1: Differences in protected area attainment and species-at-risk 

assessment based on method of categorization for representativity. Panels depict (a) ecozones, 

(b) World Wildlife Fund global ecoregions, and (c) Canada-specific National Ecological 

Framework ecoregions.   



 

 

Supplementary Figure S2: Ice-free and non-barren wildlands as a percent of terrestrial land 

area for countries around the world (data based on Ellis and Ramankutty 2008). Dark gray 

regions represent countries with insufficient data. 



 

 

Supplementary Figure S3: Data points for species observed in Canada (gbif.org; accessed: June 

12, 2017) and summarized in a 4 km2 grid. The clustering of points shows the strong bias in 

recorded data from southern Canada, relative to equal sampling across the country, indicating 

that information about biodiversity is increasingly sparse in the north. Of the 28.5 million 

occurrence records, only 15.1% are above 51o latitude (the blue line on the map). 

 



 

 

Supplementary Figure S4: Four major landscape connectivity initiatives within Canada 

working towards increased habitat protection and connection of public and private lands.  The 

threatened boreal caribou has the entirety of its range contained within the Boreal Songbird 

Initiative. 
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