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Abstract
Efforts are underway in Canada to set aside terrestrial lands for conservation, thereby protecting
them from anthropogenic pressures. Here we produce the first Canadian human footprint map by
combining 12 different anthropogenic pressures and identifying intact and modified lands and eco-
systems across the country. Our results showed strong spatial variation in pressures across the coun-
try, with just 18% of Canada experiencing measurable human pressure. However, some ecosystems
are experiencing very high pressure, such as the Great Lakes Plains and Prairies national ecological
areas that have over 75% and 56% of their areas, respectively, with a high human footprint. In con-
trast, the Arctic and Northern Mountains have less than 0.02% and 0.2%, respectively, of their extent
under high human footprint. A validation of the final map, using random statistical sampling,
resulted in a Cohen Kappa statistic of 0.91, signifying an “almost perfect” agreement between the
human footprint and the validation data set. By increasing the number and accuracy of mapped
pressures, our map demonstrates much more widespread pressures in Canada than were indicated
by previous global mapping efforts, demonstrating the value in specific national data applications.
Ecological areas with immense anthropogenic pressure highlight challenges that may arise when
planning for ecologically representative protected areas.

Key words: Anthropogenic disturbance, human footprint, cumulative effects, pressure mapping,
multiple pressures, threats, biodiversity conservation

Résumé
Des efforts sont en cours pour mettre de côté des portions terrestres du territoire canadien à des fins
de conservation, les protégeant ainsi des pressions anthropiques. Ici, nous produisons la première
carte de l’empreinte humaine canadienne en combinant 12 pressions anthropiques différentes et en
identifiant les écosystèmes intacts et modifiés à travers le pays. Nos résultats démontrent une
variation spatiale importante parmi les différentes pressions à travers le pays, avec seulement
18% du Canada enregistrant une pression humaine mesurable. Cependant, certains écosystèmes enre-
gistrent une pression très élevée, comme les aires écologiques nationales des Plaines des Grands Lacs
et des Prairies qui ont respectivement plus de 75% et 56% de leurs superficies sous forte empreinte
humaine. Par ailleurs, l’Arctique et les Montagnes du Nord ont moins de 0.02% et 0.2% de leur super-
ficie sous forte empreinte humaine. Une validation finale de la carte, à l’aide d’un échantillonnage
statistique randomisé, révèle une valeur de 0.91 pour le coefficient Cohen Kappa, indiquant un
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accord « presque parfait » entre l’empreinte humaine et l’ensemble des données. En augmentant le
nombre et la précision des pressions cartographiées, notre carte démontre des pressions beaucoup
plus répandues au Canada telles qu’indiquées par les efforts précédents de cartographie globale,
illustrant la valeur des applications spécifiques de données nationales. Les aires écologiques soumises
à une immense pression anthropique mettent en évidence les défis qui émergent lors de la planifica-
tion des aires protégées représentatives d’importance écologique.

Mots-clés: Perturbation anthropique, empreinte humaine, effets cumulatifs, cartographie des
pressions, pressions multiples, menaces environnementales, conservation de la biodiversité

Introduction
Global pressures to biodiversity are increasing as human use continues to alter terrestrial ecosystems
(Steffen et al. 2015; Venter et al. 2016a), leading to accelerating biodiversity declines (Maxwell et al.
2016; Newbold et al. 2015). Anthropogenic pressures to biodiversity are actions taken by humans in
the past, present, or future that have the potential to harm natural systems (Canter and Ross 2010;
Venter et al. 2016a). Pressures on a landscape can interact with each other in a complex manner, such
as cumulative, synergistic, or additive, and vary in their spatial and temporal scales, making their
understanding essential for conservation planning (Geldmann et al. 2014; Halpern and Fujita 2013;
Primack 1993; Tapia-Armijos et al. 2017). Identifying the patterns of change in these pressures
provides a potential basis for preventing or mitigating anthropogenic disturbance (Halpern et al.
2015; Venter et al. 2016a).

When pressures are analysed, especially those from resource development projects, the focus is often
on the project in isolation of other developments (Duinker and Greig 2006; Johnson 2016; Sinclair
et al. 2017; Westwood et al. 2020). By incorporating more than one pressure, it is possible to develop
a more complete understanding of the interacting pressures on biodiversity, with the potential to
assess the impacts for ecosystem services (Halpern et al. 2008). Cumulative pressure mapping allows
for the combination of more than one pressure to show the full extent and intensity of anthropogenic
pressures (Tapia-Armijos et al. 2017). Cumulative pressure maps, also known as human footprint
maps, combine pressures into a single product that can be used to yield the greatest conservation
benefit, including directing development to areas that will cause the least amount of harm to the
system (Crain et al. 2009; Venter et al. 2016a).

Canada’s natural systems have a number of pressures that negatively affect biodiversity. Woo-
Durand et al. (2020) analysed pressures to 820 species identified as “at risk” by the Committee on
the Status of Endangered Wildlife in Canada (COSEWIC). They found that the number of pressures
affecting each species has increased significantly from an average of 2.5 to 3.5 between 1999 and
2018. Such findings highlight the need to map pressures in Canada cumulatively and not in isolation
(Venter et al. 2006; Woo-Durand et al. 2020). Nevertheless, no cumulative pressure map covers the
entirety of the country. At present, Canada has cumulative pressure maps for parts of the coastal
waters (Ban and Alder 2008; Ban et al. 2010; Clarke Murray et al. 2015a, 2015b) and two studies
covering freshwater (Robb 2014; Sterling et al. 2014). For terrestrial studies, the greatest coverage
spans the largest ecological area of Canada, the Boreal/Taiga (Pasher et al. 2013). Other terrestrial
maps cover sections of western Canada (Mann and Wright 2018; Shackelford et al. 2017), part of
eastern Canada and the United States (Woolmer et al. 2008), and the whole of Canada to display
the number of pollution pressure categories present (McCune et al. 2019). In addition to human
footprint maps, a map exists showing the presence and absence of access into nature across
Canada (Lee and Cheng 2014). However, a simple map of access does not fully represent the
spectrum of human pressures, such as the contrast between large metropolitan cities and smaller
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resources centric towns (Lee and Cheng 2014), or landscapes under pressure from resource
extraction. Global human footprint maps display Canada as mostly intact (Sanderson et al. 2002;
Venter et al. 2016a, 2016b); however, that includes only a subset of pressures relevant to the country,
missing critical data for the Canadian context such as mining and forestry, though more
recent global updates have taken place (Jacobson et al. 2019). Therefore, until a national human
footprint is produced, there will continue to be a gap in our understanding for the Canadian human
footprint.

As a signatory of the Convention on Biodiversity and its Aichi Biodiversity Targets, Canada’s Target 1
is to protect 17% of terrestrial and 10% of marine areas (MacKinnon et al. 2015). With this ambitious
conservation target there is a need to better understand the distribution of pressures to natural
systems across Canada. A nationwide map of human pressures is important for identifying the
ecosystems that are most intact and the areas with the greatest intensity of human pressures.
Intactness is defined as landscapes that maintain biological and ecological function and are mostly
free of nonindigenous human pressures. This definition does not exclude Indigenous Peoples and
their stewardship practices, but it does exclude large-scale land conversion, human activity, and devel-
opment (Waller and Reo 2018; Watson et al. 2016). Mapping the human footprint will serve as an
important step in selecting which areas to protect, restore, and sustainably manage.

Here, we used geospatial techniques to develop a map for Canada that represents nationally specific
pressures across our ecological areas that are not incorporated in coarse-scale global maps. Using a
higher spatial resolution of 300 m, we produced the first national terrestrial human footprint of
Canada. We visually and quantitatively compared the global and national products and identified
improvements and errors in the representation of human pressures. We used high-resolution satellite
imagery to validate the accuracy of the final footprint map. As the maintenance of biodiversity and
ecosystem services depends on the comprehensive understanding of the full set of overlapping pres-
sures (Sala et al. 2000), the results of this project will be important for identifying future conservation
lands across Canada as well as ecosystems that are in need of protection and restoration.

Methods

Overview
To produce the Canadian human footprint, we adopted the methods originally developed by
Sanderson et al. (2002) and later refined by Venter et al. (2016a, 2016b). The pressures we mapped
for Canada were: the extent of built environments, crop land, pasture land, human population
density, nighttime lights, railways, roads, navigable waterways, dams and associated reservoirs,
mining activity, oil and gas, and forestry (Table 1). Each anthropogenic pressure was placed on a
0–10 scale to allow for comparison across pressures. Scoring methods were selected from pre-existing
peer-reviewed articles following methods in Venter et al. (2016a, 2016b) and Woolmer et al. (2008)
and the oil and gas pressure layer following methods used in Jarvis et al. (2010). After scoring, all non-
compatible land uses were analysed and adjusted to avoid spatial overlap. Noncompatible land uses
included built environments, crop land, mining, and pasture land. We eliminated any pixels from
the given layers that overlapped with built environments, then we did the same operation for crop
land and mining. To determine which layer would be kept if spatial overlap was present where it
should not be, the layer with the highest score from the 0 to 10 scale was kept. To produce the final
product of the terrestrial human footprint map of Canada, all the weighted layers were summed
together. To compare different ecological areas in Canada, the COSEWIC national ecological areas
were used (COSEWIC 2018). Individual pressures may overlap spatially and are therefore not
mutually exclusive. Thus, each cell could range in value from 0 to 55 for any given grid cell, represent-
ing the observed maximum. The map was generated at a spatial resolution of 300 m, yielding over
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99,000,000 pixels. We chose 300 m as a reasonable compromise between spatial precision and
computational time, as well as the reference resolution of the land cover data we used. ArcGIS
10.5.1 and the Lambert Conformal Conic projection were used for all spatial analyses. Specific details
on each of the pressure layers are provided in the following sections.

Built environments
Built environments are lands that are constructed for human activity and include buildings, paved
surfaces, and urban areas. Land transformation from built environments leads to habitat loss and
fragmentation, changes in nutrient and hydrological flows, reduction of viable habitats for species,
and decreased temperature regulation and carbon sequestration (Haase 2009; Tratalos et al. 2007).

We acquired data from the 2016 annual crop inventory (Government of Canada; Agriculture and
Agri-Food Canada; Science and Technology Branch 2016), which provides a 30-m spatial resolution
of land-use type and applied the subset of the “urban/developed” lands for the layer. The data do
not include Yukon and Northwest and Nunavut territories; therefore, we captured the anthropogenic
pressures for the northern territories through other layers such as: population density, nighttime
lights, and roads. The data were a combination of satellite imagery: Landsat-8, Sentinel-2, and
Gaofen-1 for optical imagery with RADARSAT-2 radar imagery, generating an accuracy of at least
85% (Government of Canada; Agriculture and Agri-Food Canada; Science and Technology Branch
2016). Built environments were assigned a score of 10 as built environments do not provide many
ecosystem services or provide suitable habitat for many species of concern (Venter et al. 2016a,
2016b).

Table 1. Display of the pressures included and details summarized for each layer.

Data layer Year Resolution/scale Source

Built environments 2016 30 m Government of Canada; Agriculture and Agri-Food Canada;
Science and Technology Branch (2016)

Crop land 2016 30 m Government of Canada; Agriculture and Agri-Food Canada;
Science and Technology Branch (2016)

Pasture land 2016 30 m Government of Canada; Agriculture and Agri-Food Canada;
Science and Technology Branch (2016)

Human population density 2016 Not applicable
(vector polygons)

Government of Canada; Statistics Canada (2016)

Nighttime lights 2016 589 m (15 arc-second
geographic grids)

NOAA (2019)

Railways 2012 1:1,000,000 Government of Canada; Natural Resources Canada (2016)

Roads 2016 1:1,000,000 Government of Canada; Statistics Canada (2017b)

Navigable waterways 2009 1 km Venter et al. (2016b)

Dams and associated reservoirs 2010 Between 1:20,000 and 1:50,000
if higher resolution
not available.

Global Forest Watch Canada (2010)

Mining activity 2015 1:6,000,000 Government of Canada; Natural Resources Canada (2017)

Oil and gas 2015 1:6,000,000 Government of Canada; Natural Resources Canada (2017)

Forestry 1985–2015 30 m White et al. (2017)

Note: Supplementary Material, S4 shows the 12 pressures reclassified into the IUCN – CMP Unified Classification of Direct Threats.
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Population density
Human population density is linked to biodiversity loss (Cincotta and Engelman 2000). Presence of
high human populations has led to over-hunting, deforestation, and introduced species (Prebble
and Wilmshurst 2009). Though Canada generally has a low population density, (∼4 persons/km2)
there have been significant increases in introduced species, over-exploitation, and pollution from
1999 to 2018 (Government of Canada; Statistics Canada 2017a; Woo-Durand et al. 2020).

Human population density was mapped using a subset of the 2016 Canadian Census Data
(Government of Canada; Statistics Canada 2017a; Venter et al. 2016b). The vector layer used was
the Census Dissemination Blocks, the smallest unit with an associated population, available through
the Geo Suite 2016, a Statistics Canada tool we used for data retrieval (Government of Canada;
Statistics Canada 2016). Following Venter et al. (2016a, 2016b), we calculated population density for
each block; we assigned a pressure score of 10 for any block that had more than 1,000 people/km2,
as the assumption is that population density becomes saturated at that level (Venter et al. 2016a,
2016b). For more sparsely populated areas, we logarithmically scaled the pressure score as seen below
to mimic how pressures on the system increase with population density:

Pressure Score = 3.333 � log ðPopulation density + 1Þ

Nighttime lights
Nighttime lights capture the sparser electric infrastructure found in rural, suburban, and working
areas that have an associated pressure on natural environments (Venter et al. 2016a, 2016b). The
Visible Infrared Imaging Radiometer Suite (VIIRS), mounted on the Sumo National Polar
Partnership satellite, provides the means to collect and map low-light sources such as nighttime lights
(Elvidge et al. 2013).

We used an annual composite from 2016 generated by the National Oceanic and Atmospheric
Administration (NOAA) to assess nighttime lights. The spatial resolution of the data is 589 m
(15 arc-second geographic grids). For areas above 67°N, that were not included in the annual
composite, we randomly selected a single date of imagery to fill the northern section and visually com-
pared it with other dates to make sure it was not an outlier (NOAA 2019). We then rescaled the data
on a 0–10 scale using an equal quintile approach (Venter et al. 2016a, 2016b).

Crop and pasture land
Agriculture is recognised as one of the most important pressures to biodiversity globally (Ricketts and
Imhoff 2003). For the Canadian human footprint, we used the 2016 annual crop inventory that
includes pasture, agricultural land, cereals, pulses, oil seeds, vegetables, fruits, and other crops
(Government of Canada; Agriculture and Agri-Food Canada; Science and Technology Branch
2016). Satellite imagery from optical (Landsat-8, Sentinel-2 and Geifen-1) and radar (RADARSAT-2)
was used to obtain a spatial resolution of 30 m. The provincial accuracy for crop class had a minimum
of 86.27% and a maximum accuracy of 94.51% (Government of Canada; Agriculture and Agri-Food
Canada; Science and Technology Branch 2016). We assigned crops a pressure score of 7, as some
species can still use crop lands unlike most built environments (Venter et al. 2016a, 2016b).

Pasture lands are areas that are grazed by domesticated livestock. Pastures are often associated with
fences, soil compaction, intensive browsing, invasive species, and altered fire regimes (Kauffman
and Krueger 1984). Using the annual crop inventory (30-m spatial resolution) (Government of
Canada; Agriculture and Agri-Food Canada; Science and Technology Branch 2016), we assigned
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pastures a pressure score of 4, as it is less intensive than crop lands; however, pasture lands are
associated with fencing that would no longer allow for the land to be intact (Venter et al. 2016a,
2016b).

Roads and railways
Roads are linear features that directly convert and fragment habitats. Roads can alter the immediate
physical and chemical environments, provide access for human recreation into intact areas, allow
for the spread of invasive species, and be a sink for populations through vehicle collisions and mortal-
ity from construction (Trombulak and Frissell 2000).

We used the publicly available 2016 National Road Network vector layer produced by Statistics
Canada (Government of Canada; Statistics Canada 2017b). The data are divided into different catego-
ries of use: Trans-Canada highway, national highway system, major highway, secondary highways,
major streets, and all other streets. Following Woolmer et al. (2008) we assessed roads from the lens
of access points into intact areas and gave different weights to linear road features and associated
buffers based on road type (Table 2).

Railways provide a direct pressure to the ecosystems that host them; however, in terms of access they
differ from roads. For roads and railways, direct pressures exist as a result of the actual footprint such
as physical removal of viable habitat or reduction in the quality of it; indirect pressures may present
themselves in the form of altering ecological functions, edge effect, reducing connectivity, or other
human pressures made possible by the direct pressure (Burton et al. 2014). However, discontinued rail
lines provide an indirect pressure as they can be used as a means of dispersal of humans and their
activities into landscapes. Conversely, operational rails only allow for human access from individual
rail stations. We used the publicly available National Railway Network vector layer (Government of
Canada; Natural Resources Canada 2016) and adapted the methods fromWoolmer et al. (2008) using
operational and discontinued rails, going out a maximum distance of 900 m using the same intervals
as roads (Table 3).

Table 2. Road pressure scoring, separated by the different road types to allow for differential scoring.

Road Type 0–300 m 300–600 m 600–900 m 900–3,000 m

Trans-Canada highway 10 8 6 4

National highway and major highways 8 6 4 2

Secondary highways, major streets
and all other streets

6 4 2 0

Note: The distances represent the scores associated with each of the buffers.

Table 3. Rail pressure scoring, separated by operational and discontinued.

Rail Type 0–300 m 300–600 m 600–900 m

Operational 6 4 0

Discontinued 6 4 1

Note: The distances represent the scores associated with each of the buffers.
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Navigable waterways
Navigable waterways like roads and rails act as means of access to wilderness areas. Canada’s
waterways have a long history of human use as they have enabled travel from sea to sea (Brine
1995). Once the people’s “highway”, settlements were formed along the waterways to allow movement
and access. Used by First Nations in precolonial times, the knowledge was shared when the first
European explorers arrived. These waterways were later instrumental in the fur trade (Brine 1995;
O’Donnell 1989).

We used the data set generated for navigable coasts for 2009 from the global human footprint with a
1 km2 spatial resolution (Venter et al. 2016b). The layer included the Great Lakes, as they can act like
inland seas, and was generated using distance to settlements, stream depth, and hydrological data
(Venter et al. 2016b). We found the centreline of the waterway then weighted them to follow the other
access-based layers (Table 4).

Dams and reservoirs
Dams directly change hydrology of the areas and they modify the environment, often producing
human-made flooded reservoirs (Woolmer et al. 2008). The vector data set was obtained from
“Large Dams and Reservoirs of Canada” (Global Forest Watch Canada 2010). We mapped the physi-
cal dam as we would a built environment, scoring it as 10 (Venter et al. 2016a, 2016b; Woolmer et al.
2008). We scored the associated reservoirs in the same manner as navigable waterways given that they
can provide additional access to areas by watercraft (Table 4).

Mining
Mining often alters topography and watercourses and removes topsoil as a form of land conversion.
Mining can be a point source for air and water pollution (Woolmer et al. 2008). We used the mines
and minerals data set, updated in 2015, to obtain all active mines in Canada. The data were discrete
points in vector format (Government of Canada; Natural Resources Canada 2017). We placed the
mineral groups in their designated categories: open large, open small, underground large, and under-
ground small (WWF Canada 2003). For the minerals that were not previously classified by Woolmer
et al. (2008) we consulted with an expert to determine if the mineral group would be mined under-
ground or in an open pit (McGill, personal communication, 31 October 2018). Once confirmed to
be open or underground, we placed them all in the small category, for open pit and underground min-
ing, as a way to make sure we did not over-estimate the pressure. The scoring from Woolmer et al.
(2008) was used for mines (Table 5).

Oil and gas
Oil and gas production have a number of associated pressures to nature such as wildlife mortality,
habitat fragmentation and loss, noise and light pollution, introduction of invasive species, and
sedimentation of waterways (Brittingham et al. 2014; Jones et al. 2015). The mines and minerals data
set, updated in 2015, was used as it lists active oil and gas fields. The data were discrete points in vec-
tor format (Government of Canada; Natural Resources Canada 2017). The direct pressures from oil

Table 4. Navigable waterway pressure scoring.

0–300 m 300–600 m 600–900 m

Navigable Waterways 6 4 2

Note: The distances represent the scores associated with each of the buffers.
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and gas have been found to be highly localized; therefore, we adapted the scoring method using a 10 to
0 scale to score the linear circular decay out to 5 km away from the site centre (Jarvis et al. 2010).

Forestry
Forestry operations alter the forest structure by changing stand dynamics and age (Freedman et al.
1994). Clear-cut forestry can remove habitat for species dependent on old trees, deadwood, and tree
cavities and by altering paths of travel and allowing for deep snow to form. Forestry operations could
also introduce species and allow for more access for recreation including hunting through the creation
of forestry roads (Freedman et al. 1994). However, when forestry mimics local natural disturbance
regimes of sustainable forest management practices, it could be ecologically appropriate (Armstrong
1999; Siry et al. 2005).

The forest-harvest data were obtained from an annual forest disturbance characterization project for
Canada that has a 30-m spatial resolution (White et al. 2017). The time scale of the harvest recorded
was from 1985 to 2015. We separated fresh clear cuts and areas that have reached their free-to-grow
state, as they offer different habitat qualities (Bergeron et al. 2011). We selected 12 years as a common
value for free-to-grow, so anything from 0 to 12 years would be considered early regenerating forest
(Lieffers et al. 2002; Smith 1983). We adapted the scoring from Woolmer et al. (2008) with early
regeneration scored as 4 and older regeneration as 2 (Woolmer et al. 2008).

Technical Validation
Following the methods used by Venter et al. (2016a, 2016b), a single independent person used
high-resolution satellite imagery to visually identify human pressures within 5,000 randomly located,
1-km2 sample plots, after training and obtaining “almost perfect agreement” for 400 random plots
between trainer and independent validator. Using World Imagery, available through ArcGIS, the
5,000 plots had a median resolution of 0.5 m and a median acquisition year of 2014 (ArcGIS. n.d.).

We used methods from Venter et al. (2016a, 2016b) to develop a standardized key to visually interpret
the pressures. For the eight pressures that both our Canadian human footprint and the global human
footprint had in common we mimicked their scoring, but for the new pressures included in our study
we simply followed their standards for linear or polygons features (Supplementary Material, S1).
Interpretations were marked if they were “certain” or “uncertain”; in our case 254 plots were uncer-
tain and therefore discarded, leaving 4,746 validation plots. Generally, plots were classified as uncer-
tain for two main reasons: inadequate resolution of the imagery (15 m) so it was not clear if there
were any pressures present on the land or cloud cover obscuring some of or all the image. The plots
that were retained for the visual scoring were all certain and we therefore consider the in-situ
pressures for the plot as true. The mean human footprint score for the 1-km2 plots were determined
in ArcGIS, then both the visual and human footprint scores were normalized on a 0–1 scale.

Table 5. Mines pressure scoring, separated by the designated mining categories.

Mine Type 0–600 m 600–1,500 m 1,500–2,400 m 2,400–5,100 m 5,100–10,000 m

Open pit (large) 8 8 4 2 1

Open pit (small) 8 4 2 2 0

Underground (large) 6 6 4 2 1

Underground (small) 6 4 2 2 0

Note: The distances represent the scores associated with each of the buffers.
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The root mean squared error (Chai and Draxler 2014) and the Cohen kappa statistic of agreement
(Viera and Garrett 2005) were used to quantify the level of agreement between the Canadian footprint
map and the validation data set. The root mean squared error measures the differences between the
values calculated in the human footprint and the visual scores from the validation. As the error is
squared, outliers are emphasized with this statistical calculation. The Cohen kappa statistic of agree-
ment expresses the agreement between the human footprint scores and the visual interpretation
scores considering the potential that agreement or disagreement may occur by chance. Following
previous analyses (Venter et al. 2016a, 2016b), visual plots that were within 20% of the human foot-
print plots scores were considered a match for the Cohen kappa statistic.

Results

The Canadian human footprint
Canada has an area-weighted average human footprint score of 1.48, and the maximum observed
score for the country is 55 out of a theoretical 66. The pressures across Canada display strong spatial
patterns, showing higher values in Southern Canada where most of the country’s population lives
(Fig. 1). With the 12 pressures included, we found that 82% of Canada’s land areas had a human foot-
print score of less than 1 and therefore were considered intact (Allan et al. 2017). In this context,
intact is defined as landscapes that are mostly free of the 12 human pressures we mapped. To concep-
tualize this definition of intact, cells that had a population density of one or more people per square
kilometre obtained a pressure score of 1 or above and were therefore not considered intact.
However, pressures such as seismic lines, pollution, or invasive species were not mapped and may
be present in areas that we identified as intact. The low human footprint state was defined as areas
where the human footprint score was between 1 and 4. The upper limit was determined based on
the assignment of a score of 4 for pasture land, which would often have fences fragmenting the con-
nectedness (Venter et al. 2016a). Approximately 5% of Canada was classified in the low human foot-
print state. The moderate human footprint areas had scores between 4 and 10 and covered 7% of the
country. The areas of high human footprint, with a value of 10 or higher, covered 6% of Canada and
highlighted areas with multiple overlapping pressures to biodiversity (Fig. 1).

We used national ecological areas defined by COSEWIC as a means of comparing the different
ecological regions of Canada (COSEWIC 2018). The human footprint differs markedly across those
areas, with 84% of the Boreal ecological area, which covers the largest extent of Canada, still being
intact. The Great Lakes Plains, the smallest ecological area, has 76% in the high human footprint
category, being the largest percentage in the high category compared with all other ecological areas.
The Prairies follow the Great Lakes Plains as the second largest values in the high human footprint
category with 57%. The Great Lakes Plains has the smallest percentage in the intact category with a
value of 0.6% followed by the Prairies with 8%. Conversely, the Arctic, which is the second largest eco-
logical area, is over 99% intact.

The pressure layer that contributes the most towards the mean human footprint of Canada is roads
with a mean human footprint score of 0.72 (Fig. 2) and covering over 1,000,000 km2. Crop land is
the second most prevalent pressure with a mean human footprint score of 0.27. The only other
pressure above 0.10 was population density with a value of 0.20. In terms of extent, population density
covers just under one-third of Canada, an area of 3,200,000 km2. While nighttime lights cover over
200,000 km2, they have a relatively small mean human footprint of 0.01.

Importance of National Data for Planning
Visually comparing the global human footprint (Venter et al. 2016a) with the national version at a
broad scale shows similarities in the spatial patterns of anthropogenic pressures (Supplementary
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Material, S2). Closer examination shows a number of variations in the details. In agricultural areas,
such as the prairies ecological region, the Canadian human footprint shows a higher concentration
of pressures than the global one (Figs. 3a–3c). For urban areas, the Canadian human footprint
captures the distinction between areas such as parks, urban areas, and industrial areas showing a
lower human footprint score than the global one (Figs. 3d–3f). In natural resource intensive
areas, higher scores for the Canadian human footprint are present compared with the global product
that missed these features across Canada. For example, in the boreal ecological area, forestry harvest
and infrastructure from oil and gas could be included with the Canadian human footprint
(Figs. 3g–3i).

Fig. 1. Human footprint map of Canada showing the state of the system for COSEWIC national ecological areas. Pie chart sizes represent the approximate pro-
portions each ecological area covers of Canada. The footprint represents 12 anthropogenic pressures: built environments, population density, nighttime lights,
crop land, pasture land, roads, railways, navigable waterways, dams and associated reservoirs, mines, forestry and oil and gas. Lambert conformal conic projec-
tion, NAD83.
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When mapping nationally explicit data, the greatest improvements to the global data sets were found
with the National Roads Network and the Annual Crop Inventory. The global human footprint scores
roads within Canada as 50% less of a pressure than the Canadian human footprint. The Annual Crop
Inventory that was used for mapping crop land for Canada captured over 285,000 km2 more than the
global product (Fig. 2).

Validation results
Our validation shows a strong agreement between the Canadian human footprint measure of
pressures and the pressures scored using visual interpretation of high-resolution images. The root
mean squared error for 4,746 validation 1 km2 plots was 0.08 on a normalized 0–1 scale (Chai and
Draxler 2014). The Cohen Kappa statistic was 0.91, signifying “almost perfect” agreement between
the human footprint and the validation data set (Landis and Koch 1977; Viera and Garrett 2005).
We scored 40 of the validation plots as having a pressure score 20% higher than the initial visual inter-
pretation (false positive) and 113 were 20% lower (false negative). The remaining 4,593 plots (96.8%)
were within 20% agreement. While the results from the validation represent almost perfect agreement,
it appears from the higher false-negative rate that the human footprint map may be underrepresent-
ing the pressure scores across some proportion of the country. The maps should therefore be consid-
ered as conservative estimates of anthropogenic pressures on the environment (Fig. 4). When
applying a more rigorous threshold for agreement, within 15% of one another, we found that the
Cohen Kappa statistic was of substantial strength with a score of 0.77. When applying a less rigorous
threshold of 25%, the Cohen Kappa statistic increased to 0.95 (almost perfect strength)
(Supplementary Material, S3).

We compared the validation results for the Canadian human footprint with those of the global human
footprint clipped to Canada. The global human footprint obtained a root mean squared error of 0.10
on a normalized 0–1 scale for the same validation plots (Chai and Draxler 2014). For the Cohen

Fig. 2. Mean human footprint scores for each of the pressures included in the Canadian human footprint and the
Global Human Footprint. Canadian human footprints (white) are from the results produced in this project, the
Global, Canada (black) is from the global human footprint product clipped to Canada for comparison.
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Kappa statistic, the value was 0.76 using 20% agreement, which is considered substantial agreement
between the human footprint and the validation data set, demonstrating lower agreement than the
Canadian product (Landis and Koch 1977; Viera and Garrett 2005).

Discussion
This is the first undertaking to produce a continuous measure of human pressures across Canada,
which we term the Canadian human footprint. While we find that the large majority of Canada is still
considered intact (82%), by our definition, some ecosystems are still exposed to numerous and intense
pressures. Our data set improves upon the global product by increasing the number of relevant
pressures measured and by rescaling to a finer resolution using national data sets. Understanding
where there are overlapping pressures on the natural system provides more insight for preventing
and mitigating pressures to biodiversity than an access map of Canada that acts as a binary presence
or absence of access.

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)
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Fig. 3. Visual comparison between the Canadian human footprint (first column) the high-resolution satellite imagery (second column) and the global human
footprint (third column). The first row, Agricultural Area (a, b, c), is located in the prairies ecological area. The second row, Urban Area (d, e, f), shows the
western part of the island of Montreal in the Great Lakes Plains ecological area. The third row, Natural Resource Area (g, h, i), in the Boreal ecological area, looks
at a natural resource intensive area where forestry cutblocks and oil and gas infrastructure are present. The legend for column one is found in pane (d) and for
column three in pane (f). The scale bar for each row is found in the second column. The source for first column is from this project, second column is from the
high-resolution imagery basemap option in ArcGIS and the third column from Venter et al. (2016a, 2016b), Lambert conformal conic projection, NAD83.
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Fig. 4. Results from the 4,746 × 1 km2 validation plots interpreted and scored following Supplementary
Material, S1. (a) The visual interpretation score assigned and location for plots.(b) The disagreement between
the Canadian human footprint score and the visual interpreted score for validation normalized on a 0–1 scale.
Lambert conformal conic projection, NAD83.
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Intactness in Canada
Intact areas worldwide are crucial for conserving threatened biodiversity (Di Marco et al. 2019), yet
they experience increasing pressures from human land use. There is therefore a need to protect intact
areas to help conserve biodiversity and ecosystem services. Furthermore, the importance of large-scale
and intact ecosystems is increasing as these areas become rarer (Watson et al. 2016). When applying
the 12 anthropogenic pressures to the eight national ecological areas in Canada, we find that five of
those areas have a terrestrial land mass that is over 50% in an intact state. In particular, the Arctic
has over 99%, the Northern Mountains has over 95%, and the Boreal follows with over 83%. This
demonstrates promising opportunities for the three largest ecological areas in Canada. However, the
Boreal is experiencing significant forest loss and degradation from natural resource exploration,
industrial forestry, rapid climate change, and anthropogenic fires (Watson et al. 2016). Although
faced with criticism, the Canadian Boreal Forest Conservation Framework provides an outline on
how to protect at least 50% of the forest through a network of connected protected areas, to prevent
excessive degradation, which is crucial to protect wilderness areas of Canada (Boreal Leadership
Council 2003; Nishnawbe Aski Nation, n.d.).

Canada has few intact areas left in three of the eight ecological areas (Great Lakes Plains, Prairies, and
Atlantic). Our human footprint shows where species are experiencing the most anthropogenic pres-
sures and would likely have the least intact natural ecosystem for disturbance sensitive species.
However, it is known that certain species can thrive in large cities and built environments
(Sanderson et al. 2002). As mentioned previously, Canada’s Target 1 of 17% conservation of terrestrial
lands requires those areas to be representative of the county’s ecosystems (Convention on Biological
Diversity 2020). With the Atlantic, Prairies, and Great Lakes Plains areas containing less than 24%,
8%, and 1% of intact lands, respectively, it is unclear how Canada will develop protected areas that
represent the ecosystems in those regions, without restoration.

Pressures on biodiversity
One of the most prevalent pressures to intactness and biodiversity are roads. The existence and
expansion of roads to connect communities and resource areas are direct and indirect pressures to
ecosystems, such as fragmenting habitats and by providing a means of access into intact areas (Lee
and Cheng 2014; Sanderson et al. 2002). For conservation efforts, roads are one of the important
pressures to address (van der Marel et al. 2020), especially in Canada where we find roads are the most
prevalent pressure (Fig. 2).

Conservation planning recognises the need to understand the patterns of pressures and how they
interact (Margules and Pressey 2000; Tulloch et al. 2015). When assessing national at-risk species,
the Canadian Living Planet Index found a 59% decline in these at-risk populations between 1970
and 2016 (WWF Canada 2020). A global analysis of over 8,000 threatened or near-threatened species
found that overexploitation was the most important pressure, followed by agricultural activities and
then urban development (Maxwell et al. 2016). For our analysis, those pressures were represented
by the footprint of crop land, forestry, built environments, and pasture land, all of which fall within
the top six mean human footprint scores for Canada. With Canada’s at-risk species facing more than
one pressure (Woo-Durand et al. 2020), the utility of the Canadian human footprint, which includes
the pressures that are most affecting biodiversity (Maxwell et al. 2016), is an important tool for
conservation planning and the mitigation of such pressures.

Value of national data
While the overall intensity, or the mean human footprint score, remained low for Canada, we found
several differences when comparing global and national human footprints. The most significant
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difference in the mean human footprint score was found in nighttime lights. Nighttime lights for
Canada had a mean human footprint score 18 times less than in the global human footprint. The
reduction in score from the global to the national product is the result of using more recent and
higher-resolution imagery that addresses saturation and spillage observed with the global product
(Elvidge et al. 2013).

Producing the human footprint for Canada allows us to include data sets that are nationally relevant
and offer more information and detail than many of the global footprint maps. The largest increase in
mean human footprint score comes from crop land that has a mean human footprint score over six
times more extensive than that in the global product. The improved accuracy for mapping crop land
could be part of the reason we see higher footprint values in the Prairies when compared with the
global product, as the Prairies are a large agricultural centre for the country. Furthermore, the
Canadian data set for roads allowed for the inclusion of minor roads that the global data set could
not include (Venter et al. 2016b). The Canadian data also led to a near doubling of the mean human
footprint score for roads when compared with Canada’s score with the global data. However, there is
still room for improvement in mapping linear infrastructure in Canada. When we compare the
national roads with some provincial road data, we find that the national data do not capture all the
resource roads and some of the smaller roads that are mapped at a provincial or territorial scale.

The global human footprint and the Canadian human footprint show the same overall patterns of
pressures. However, we find more disagreements in areas where there are more cumulative pressures.
By developing a finer resolution national product with Canadian data, we can measure the improve-
ments from global human footprints and confirm the soundness of our human footprint with the
almost perfect validation score. This demonstrates the importance of national studies for conservation
of biodiversity and ecosystem services (Woolmer et al. 2008).

Limitations and future directions
This is the first national product for the Canadian human footprint, with room for future refinements.
Firstly, linear features besides roads, such as seismic lines or outdoor recreation such as trails, should
be included if possible, in future revisions. These features appeared in approximately 1% of the valida-
tion plots but were not mapped as there were no national data sets for oil and gas exploration and re-
creation. Also, recreation more broadly can have significant impacts (Mullins and Wright 2016) and
should be included as data become available. These data should be a priority for future improvements
to our work. Other pressures such as extreme weather and introduced species are important, but
inherently difficult to map (Venter et al. 2006; Woo-Durand et al. 2020).

Secondly, the built environments data set did not cover the full extent of the country (only to 59°N);
therefore, the theoretical max north of 59° latitude is 10 lower for the human footprint, leading to a
potential underestimation of anthropogenic pressure. This is unlikely to be a major omission, as these
pressures are sparse or absent above this latitude. When the Cohen Kappa statistic was calculated for
the 2003 validation points above 59° latitude, we still have an “almost perfect agreement” with 0.91.
Despite lower population density in the north, natural resource exploration has increased, bringing
with it more temporary workers and work camps (Ensign et al. 2014). Thirdly, the data sets we used
to map mining and oil and gas only provided point features. Further efforts are needed to develop
complete polygon boundary and associated linear features that more accurately represent the geo-
graphic extent of the pressure. Lastly, our product is not immune to the limitations of spatial analyses
such as mixed pixel problems that arise when resampling to the resolution of the project and the
assumption of linear and consistent responses of ecosystems to pressures (Halpern and Fujita 2013).
While there is certainly scope for further refinement, we do note that the validation of the Canadian
human footprint revealed a much closer agreement between our data set and actual observable
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pressures than previous efforts in other jurisdictions (Venter et al. 2016a; Kennedy et al. 2019;
Williams et al. 2020).

Conclusion
Our Canadian human footprint map provides a baseline from which we can measure changes in
human pressures across the country and into the future. Such information is critical for assessing
the effectiveness of national and international policies and agreements designed to maintain biodiver-
sity and expand Canada’s conservation and protected lands. Our cumulative pressure map provides
the first step towards being able to translate mapped pressures to the impacts of those pressures for
biodiversity and ecosystem services. We demonstrate that Canada does contain large intact areas in
line with Watson et al. (2016) who identified North America as with a critical stronghold for large
tracts of intact wilderness. Understanding how Canada’s intact lands are lost through cumulative
human activities and associated pressures is crucial for the future prevention and mitigation of biodi-
versity loss and degradation of ecosystem services in a country where large intact areas still remain.
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