RestoratiON: a tool to identify priority restoration sites
in Ontario

What does the tool do?

The RestoratiON tool allows a user to select a target landscape within Ontario, and
for that area of interest, identify candidate areas for restoration that are currently
considered degraded in some way. For each candidate area, the tool measures the
potential benefit of restoration based on several metrics, including patch size,
connectivity and environmental heterogeneity. Candidate areas within the target
landscape are ranked in terms of their restoration benefit and are provided to the
user to further assess their suitability for restoration activities.

What is degraded land?

The RestoratiON tool builds off previous efforts defining restorable areas (Currie
et al. 2023) by referring to the human footprint as a multi-faceted expression of
anthropogenic influence on an area (Hirsh-Pearson et al. 2022). The variables that
contribute to the footprint are active mines, abandoned mines, night light pollution,
oil and gas extraction, aggregate extraction, topsoil extraction, and marginal
farmland. Given uncertainty in the magnitude of impact that would render an area
degraded, the user can define thresholds that separate degraded from undegraded
areas. For example, the user can choose the intensity of mining activity, intensity of
night light pollution, and intensity of oil and gas extraction that would render an
area degraded. An area is classified as degraded if any one variable meets its
threshold.

What is restoration?

Restoration is the act of turning a degraded area into habitat. The tool prioritizes
restorable sites across Ontario based on the benefit to biodiversity that would be
realized after restoration occurs in a particular area. However, comparing candidate
restoration areas across a region as large as Ontario is computationally unfeasible.
Hence, restoration and its benefit must be calculated for smaller landscapes and
then the benefit can be compared among landscapes.



How are candidate restoration areas defined?

To determine land cover classes across the province, Ontario is divided into 15 m x
15 m pixels; each pixel is assigned a habitat type from the Ontario Land Cover
v1.0 data product. The pixels are combined into 300 m x 300 m pixels to
correspond to other data sources. (See the Data Layers document for details on
how the small pixels are combined, or resampled, into larger pixels). Pixels are
classified further as degraded land, according to user-defined criteria. If pixels are
classified as degraded, they are assigned a biodiversity value of zero in the tool.
However, degraded pixels can be restored to a habitat that contributes to
biodiversity. In the tool, degraded land is restored to the most prevalent habitat
type in a 3 x 3-pixel neighbourhood (8 pixels in total) surrounding the degraded
pixel. If a degraded pixel is not surrounded by any natural habitat in the 3 x 3
neighborhood, which may occur when the degraded land is surrounded by water,
urban areas, or farmland, the degraded pixel is assigned the most prevalent habitat
in successively larger neighborhoods that increase by 2 pixels each time (i.e., 5 x 5,
7 x 7,9 x 9 neighbourhoods, etc.).

Not all habitat types are considered restorable. Pixels classified as water, built
up-pervious, anthropogenic, cropland, hay/pastureland, and transportation are
removed from the analysis. They are neither considered habitat with biodiversity
benefit nor degraded land restorable to habitat with biodiversity benefit.

The user has two options for determining the size and configuration of candidate
areas for restoration. First, they may define the number of pixels to restore
regardless of where they are in the landscape or their potential habitat type.
Second, the user may choose to restore only contiguous habitat (of any type). In
this case, degraded pixels that all connect to each other and share the same habitat
type are grouped into one multi-pixel degraded area. The pixels are considered
connected if at least one corner from one pixel connects to a corner from another
pixel. In the contiguous habitat area option, it is assumed that all pixels in the area
are restored, irrespective of the size of the contiguous area.



Where does restoration take place?

Restoring with an emphasis on the entire landscape

Within this option, the user selects a landscape, and all pixels within that landscape
will be considered for restoration. The user may select a landscape by drawing an
extent manually, or by choosing from predefined features within land use
designation layers. These features fall into multiple categories, one being
municipalities. In Ontario, the Municipal Act defines two administrative scales:
upper-tier municipalities comprised of lower-tier municipalities. Single-tier
municipalities do not group into upper-tier municipalities, nor do they comprise
lower-tier municipalities. The user can select to restore within upper/single-tier
municipalities or lower-tier municipalities. Another category are areas of
conservation concern that includes: Provincial Parks, National Parks, Conservation
Reserves, Conservation Areas, Non-governmental Organization Reserves, Natural
Heritage Value Areas, Natural Heritage System Areas, Far North Protected Areas,
Municipal Heritage Areas, Migratory Bird Sanctuaries, National Wildlife Areas,
Wilderness Areas, Crown Plan Protected Areas, Provincial Planned Protected
Areas, National Capital Valued Ecosystem, Other Effective Area-based
Conservation Measures.

Restoring with an emphasis on areas of conservation concern
Within this option, restoration benefit considers explicitly the benefit to an area of
conservation concern. Calculating biodiversity benefit takes into account whether
restoration increases the amount of habitat within an area of conservation concern
and increases connectivity among multiple areas of conservation concern.

After setting the landscape within which restoration takes place, the user can add a
buffer around the landscape. Doing so recognizes that restoring a pixel near or at a
landscape border may increase patch size or connectivity at larger extents. Hence
restoring an area may benefit the chosen landscape by enhancing biodiversity
within the buffer surrounding the landscape.

What is biodiversity benefit?

Restoration benefits socio-ecological systems in numerous ways including
conserving habitat for species-at-risk (Dickie et al. 2023), providing corridors for



organisms on the move (Brennan et al. 2022, Pither et al. 2023), mitigating against
climate change (Timpane-Padgham et al. 2017), adding to protected area networks
(Mappin et al. 2019), and enhancing the amount of carbon that can be stored as
biomass (Strassburg et al. 2020, Currie et al. 2023). Designing a tool to address
multiple benefits could require an unwieldy number of metrics that would be a
challenge to compare and balance across a region as large as Ontario. A more
tractable approach is to limit the scope of what restoration purports to benefit; the
RestoratiON tool focuses solely on increasing biodiversity. It is species agnostic; it
does not use data on species occurrences or abundances to measure how best to
benefit a specific taxon (sensu Currie et al. 2023). Instead, the tool is informed by a
half-century of research in community ecology, landscape ecology, and
biogeography to predict potential biodiversity benefit based on where in a
landscape restoration takes place.

In a landscape comprised of heterogeneous environmental conditions that can be
organized into patches of different habitat types, biodiversity can be measured at
different scales, and increasing biodiversity at one scale may reduce biodiversity at
another. There can be a tension between increasing biodiversity in a patch, i.e., the
smallest resolution at which environmental data is available and increasing
biodiversity across the whole of the landscape. The tool takes as a starting point
that each species has its optimal performance — and, thus, maximum population
growth rate — in a specific set of environmental conditions (Thompson et al. 2020).
As aresult, any given environment will consist of a species hierarchy, with the
species having the highest population growth rates able to compete better for
resources than all other species. All else being equal, biodiversity across the
landscape can be maximized by conserving as many different environments as
possible (Fahrig et al. 2022). However, a suite of processes can ensure that
dominant and subdominant species co-exist despite differences in competitive
ability, some related to each species’ fit to the environment (selection) and others
related to random variation in demography (drift) and dispersal (Vellend 2010,
Chase et al. 2020b). To reflect the interplay of the processes in shaping biodiversity
across scales, the tool uses three metrics that each map onto selection, drift, and
dispersal. The user can assign different weights to each metric to explore
assumptions about the relative influence of each process on species coexistence.



Environmental heterogeneity

Species are described by their ecological niche: the range of environmental
conditions over which an individual has positive fitness, or a population has
positive growth (Hutchinson 1957, Holt 2009). At any given point in niche space,
some species are more efficient at converting resources into reproduction and
survival, resulting in a competitive hierarchy (Chesson 2000). Thus, even if a
species can physiologically tolerate an environment, it may be outcompeted to the
point of being excluded from that environment (Connell 1961, Martin and
Ghalambor 2023). Restoration may add a new set of environmental conditions to
the landscape that falls within the niche of species that could not previously occupy
the area or provide opportunities for a species to avoid competition by exploiting
newly available resources or habitats (Schoener 1974, Chesson 2000, Tews et al.
2004, Stein et al. 2014). While a niche consists of an infinite number of
environmental conditions (Hutchinson 1957, Blonder 2018) the RestoratiON tool,
necessarily, uses a reduced set of abiotic variables to describe the environment:
temperature, precipitation, elevation, soil type, and soil depth. The variables are
known to be correlated to species diversity and distributions (Hawkins et al. 2003,
Gilbert and Lechowicz 2004, Opedal et al. 2015, Ayebare et al. 2023). The
RestoratiON tool uses a Principal Components Analysis to assign each pixel a
score that reflects the combination of these five environmental variables.
Environmental heterogeneity measures the range of scores available in the
landscape by calculating the deviation in pixel scores from the landscape average
(Smith et al. 2021); heterogeneity increases if the deviation increases. The analysis
calculates scores on multiple axes of variation, and the change in the deviation can
be calculated for each dimension, though usually one or two dimensions are
enough to capture environmental differences among pixels. For each candidate
area, as pixels are restored, the tool determines if environmental heterogeneity
increases or decreases. Increasing environmental heterogeneity increases regional
diversity by supplying new niches exploitable by species that may previously have
been excluded from the landscape. Increasing environmental heterogeneity may
also increase local diversity if individuals exploiting new niches emigrate to
patches corresponding to other environmental conditions.



Patch size

Some features of the environment vary at scales smaller than the pixel resolution.
For example, a pixel classified as deciduous forest does not indicate the number of
tree species in the forest or whether there is variation in canopy height. In such
cases patch size becomes a surrogate for fine-scale environmental heterogeneity.
Increasing patch size increases the chance that there are more kinds of fine-scale
environments, such as more tree species or greater variation in canopy heights
(Haila 1983, Dunning et al. 1992, Kallimanis et al. 2008). The increase in
fine-scale environmental heterogeneity can offset the effects of competition by
providing new niches (Silvertown 2004, Lasky et al. 2014). Increasing patch size
also increases local biodiversity by mitigating extinction from stochastic events,
such as drift and random environmental fluctuations, a risk that is greater for
smaller populations (Orrock and Watling 2010, Gilbert and Levine 2017). Larger
patches tend to support larger population sizes by providing more physical space
and incorporating more individuals from the landscape (Wright 1983) and/or by
fostering higher demographic rates (Chase et al. 2020a). However, when
restoration resources are limited, the gain in local biodiversity by adding habitat to
existing patches must be traded-off with increasing regional diversity by restoring
patches that are more environmentally distinct but smaller (Margules and Pressey
2000, Fahrig et al. 2022, Riva and Fahrig 2022, 2023).

Connectivity

If restoration facilitates the movement and dispersal of individuals, then there is the
potential to increase biodiversity both locally and for the landscape. Immigration of
individuals into habitat patches can increase population sizes, reducing extinction
risk (Pulliam 1988, Hanski 1998). Likewise, individuals produced in optimal
environments can colonize, establish, and maintain stable populations in
suboptimal environments (Leibold et al. 2004). Hence connectivity can increase
local biodiversity. Connectivity can increase regional diversity if environmental
conditions change slowly over broad gradients because individuals may only be
able to disperse over short distances, leading to a landscape consisting of
connected patches grouped into unconnected subregions each with a distinct
species assemblage (Thompson et al. 2020, Suzuki and Economo 2021). In
contrast, connectivity can decrease regional diversity if species can disperse
everywhere. The entire landscape functions as one large patch and the species

6



adapted to the average environmental conditions outcompete the species fit to the
more extreme environments (Mouquet and Loreau 2003, Lasky and Keitt 2013).
Just what it means for a landscape to be connected depends on the resistance
organisms might face when having to move through inhospitable environments
(McRae et al. 2008). In the RestoratiON tool, pixels are assigned a resistance value
with low and high resistance corresponding to habitat and non-habitat pixels. In
addition, if the Areas of Conservation Concern option was chosen, pixels classified
as such are assigned an even lower resistance value. When habitat is restored, a
pixel previously assigned high resistance (by virtue of being degraded) becomes
low resistance, and connectivity increases when more low resistance paths
connecting habitat pixels become available (Chubaty et al. 2020). Increasing
connectivity may not always be a good thing.

How are restoration areas prioritized?

In the RestoratiON tool, users can explore how varying assumptions about the
ecological processes that shape biodiversity affect the choice of degraded pixels to
restore. The user can adjust the amount that each metric — environmental
heterogeneity, patch size, and connectivity — contributes to overall biodiversity
benefit. The user may assign more weight to environmental heterogeneity if the
main process structuring communities is selection, and the goal is to maximize
biodiversity in the landscape. In contrast, the user may wish to assign more weight
to patch size if the main process is drift or if the goal is to maximize local
biodiversity. If a landscape is comprised of diverse environments, assigning more
weight to environmental heterogeneity may ensure the persistence of species with
distinct niches. On the other hand, if most species can occupy the range of
environmental conditions in a landscape, but only when fine-scale heterogeneity
mitigates against competitive exclusion, then more weight should be assigned to
patch size. Different weights can be assigned to patches of different land cover
types if, for example, known habitat specialists are more likely to persist if cover of
that particular habitat is increased. Connectivity is usually important but could be
downweighed if high rates of dispersal reduce diversity by excluding species with
low abundances. On the other hand, connectivity might be prioritized for
landscapes home to many vagile species or species that require different kinds of
environments during their lifetime.
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