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Ecosystem restoration planning requires an integrated approach considering many components of
the natural system when prioritizing where and what to restore. Toronto and Region Conservation
Authority and partners have developed a multi-discipline and multi-benefit approach to restoration
planning that facilitates effective restoration works, which contribute to realizing regional watershed
objectives pertaining to natural system functions. Through various long term monitoring and modeling
initiatives, Toronto and Region Conservation Authority has amassed a wealth of knowledge on terres-
trial biodiversity, aquatic ecosystems, hydrology, and headwater conditions. The aim of Integrated
Restoration Prioritization is to identify impairments and threats to ecosystem function as a means to
improve the delivery of ecological goods and services. Consolidating data and comparing discrete
areas based on different parameters and thresholds can help direct decision making for future restor-
ation initiatives. The first iteration of the Integrated Restoration Prioritization analyzed existing data-
sets, identified gaps, and made recommendations for future monitoring. This approach will assist with
delisting Beneficial Use Impairments #14 Loss of Fish and Wildlife Habitat and #3 Degradation of
Fish and Wildlife Populations within the Toronto Remedial Action Plan area. Further, the Integrated
Restoration Prioritization will assist in implementing the recommendations made in watershed plan-
ning documents pertaining to fisheries and natural heritage management. Specifically, the Integrated
Restoration Prioritization will identify where impairments to ecological function are located, ensure
habitats and corridor linkages are protected or restored, and prioritize local and upstream catchments
that could contribute most to improving the natural system if restored.
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Introduction

Land use changes associated with urbanization
have substantial impact on the structure and func-
tion of natural systems (Grimm et al., 2008;
Forman, 2008). This is mainly because urban
land uses change natural land cover more drastic-
ally than any other land use and are more

persistent on the landscape (Marzluff and Ewing,
2001; Theobald et al., 2011; Hanna and Webber,
2010; McKinney, 2006). Among the various
impacts, urbanization result in loss and fragmen-
tation of natural cover, which in turn has several
direct and indirect impacts on ecological func-
tions of the landscape (Grimm et al., 2008). This
includes loss and isolation of biodiversity and
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habitat, extirpation of sensitive species, altered
hydrology, nutrient cycling, and changes in water
quality and quantity (Fahrig, 2003; Marzluff and
Ewing, 2001; McKinney, 2006).

The Secretariat of the Convention on
Biological Diversity (2012) has estimated that by
2050 the world population living in urban areas
will nearly double. It further estimates that more
than 60% of these urban areas are not yet built
and are expected to happen in small and medium
sized cities such as Toronto. As these future
urban areas are developed more natural cover
will be lost and fragmented. This will continue to
have detrimental impacts on ecological functions
that, ultimately, will compromise the ecosystem
services required for planetary and human well-
being (Grimm et al., 2008; McPhearson et al.,
2016). A strategic framework for ecological res-
toration that focusses on mitigating human
induced impairments to ecological function and
building on and connecting existing natural cover
will be critical to influencing future land manage-
ment decisions. Ecological restoration aims to
assist in repairing, rehabilitating, and recovering
ecosystems that have been degraded, damaged or
destroyed. The goal is to re-establish the desired
characteristics of the ecosystem that were import-
ant for ecological function before the degrad-
ation, such as natural cover (Benayas et al.,
2009). More recently ecological restoration has
gained interest in specifically targeting increases
in services that ecosystem structure and functions
provide to benefit human well-being (Benayas
et al., 2009). This expanded focus has made res-
toration of natural features and processes, espe-
cially in urban areas, all the more important as
the rationale for restoration is emphasizing on a
wider spectrum of benefits beyond providing
habitat for species. While ecological restoration
as a process identifies the best ways to restore at
a site level, it is also critical to understand where
to conserve and restore to achieve effective over-
all natural system outcomes (Margule and
Pressey, 2000). There are multiple approaches in
systematic conservation planning that have tried
to address this spatial aspect of conservation and
restoration planning (Sarkar et al., 2006). The
added challenges in restoration planning include
addressing  ongoing  disturbances, choosing
between creating new habitat verses restoring
existing degraded features, improving areas of
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severe degradation verses areas that are less
degraded, and determining outcomes that meas-
ure success.

In this article we present a multi-objective, scal-
able and spatially explicit framework to prioritize
ecological restoration initiatives in the nine water-
sheds within the Greater Toronto Area (GTA) as a
case study that could be applied at a broader scale.
The Integrated Restoration Prioritization (IRP)
framework is to be used as a decision making tool
to direct resources and funds to restoration efforts
that could achieve the most collective benefit to
the natural system. Similar strategies have been
applied to other areas which generally focus on
habitat availability, environmental stressors, con-
nectivity, restoration costs and land-use threats
(Tambosi et al., 2014, Crouzeilles et al., 2015,
Evans et al., 2006). These strategies are typically
based on conceptual models that are applied spa-
tially as GIS overlays. This framework builds on
these studies by overlaying long-term environmen-
tal monitoring data used to report on overall water-
shed health onto conceptual landscape models to
identify where discrete areas of impairment are
located within high valued potential natural heri-
tage areas. IRP has a strong focus on natural cover
and hydrology as the two main drivers for natural
system function.

IRP reflects multi-discipline watershed man-
agement objectives of enhancing terrestrial and
aquatic habitat, improving surface and ground
water, and maintaining headwater streams. More
specifically, the restoration initiatives identified
through the IRP can be implemented to support
the Toronto and Region Remedial Action Plan
(RAP) Recommended Action 21: “Protect and
Restore Fish and Wildlife Habitat,” and RAP
Goal 2b: “Rehabilitation of Fish and Wildlife
Habitat.” This approach will assist with delisting
Beneficial Use Impairment (BUI) #14 Loss of
Fish and Wildlife Habitat and BUI #3
Degradation of Fish and Wildlife Populations
within the Toronto AOC.

The fundamental principle of the IRP is to pri-
oritize locations where restoration can achieve
the greatest benefit through reversal or mitigation
of existing impairments in areas that will have
the most benefit to natural system function. This
is based on four fundamental restoration objec-
tives: (1) increasing natural cover; (2) restoring
altered hydrology and aquatic impairments; (3)
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maximizing size, shape and connectivity of nat-
ural features; and (4) restoring landform altera-
tions to promote self-sustaining natural
communities.

Methodology

Study area

The nine watersheds of the GTA that lie within
Toronto and Region Conservation (TRCA) jurisdic-
tion is the study area for the IRP framework pre-
sented in this article. Six of the nine watersheds are
located within the Toronto and Region AOC (exclud-
ing Duffins, Carruthers and Petticoat watersheds).
These nine watersheds are some of the most heavily
urbanized watersheds in Canada. Natural cover
within these watersheds ranges from 10 to 40% indi-
cating that these watersheds are generally below rec-
ommended natural cover of 30 to 50% (Pressey
et al., 2003; Nature Conservancy of Canada, 2004;
Noss et al.,, 2012). Recognizing that the pace of
urbanization in the GTA will continue to threaten the
remaining natural cover and biodiversity, TRCA
developed the Terrestrial Natural Heritage System
Strategy (TNHSS) (TRCA, 2007a,2007b). Based on
systems thinking and landscape ecology principles
the TNHSS delineated a target Terrestrial Natural
Heritage System (TNHS) comprising of both existing
natural cover areas and potential areas where natural
cover could be restored to increase the quantity and
quality of natural cover and biodiversity within the
GTA. TRCA’s Regional Watershed Monitoring
Program (RWMP) has been assessing aquatic and
terrestrial conditions in TRCA’s jurisdiction for deca-
des informing on the current ecological health of the
watersheds as well as highlighting trends over time
(TRCA, 2017). Aquatic monitoring utilizes the
Ontario Stream Assessment Protocol (OSAP), which
is a standardized set of provincially and federally rec-
ognized methods for determining stream health.
Using data generated from these two programs, the
IRP framework outlined in this paper provides a sys-
tematic approach for restoration planning across the
urban to rural gradient.

Data

Nine data sets were selected for use within the
IRP framework based on an internal peer review
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of their relevance to restoration objectives, spatial
coverage, and accuracy. These data were col-
lected and compiled from multiple sources within
TRCA including field and modelled data, as well
as direct orthophoto interpretation. Each data set
was organized into four ecological or natural sys-
tems criteria to reflect the different objectives
within the IRP framework (Table 1).

Delineating catchments as the spatial
unit of assessment

For TRCA'’s entire jurisdiction, discrete catch-
ments (the spatial unit of assessment for IRP)
were delineated using surficial drainage patterns
and ArcHydro modelling. ArcHydro is an Esri
ArcGIS application where drainage lines and
catchment boundaries are derived from a Digital
Elevation Model (DEM). The DEM was gener-
ated from real elevation data and has an accuracy
of approximately 0.25 metres. This execution of
the IRP analysis used 30 hectare (on average)
catchment boundaries. The data used for analysis
was applied to each catchment and thresholds
were used to generate scoring for comparison and
prioritization.

Natural systems criteria and scoring for
prioritization

Each of the four natural system criteria;
namely existing natural cover, altered hydrology,
aquatic condition, and terrestrial natural heritage
potential were derived based on a number of indi-
vidual data layers as listed in Table 1. Threshold
criteria were assigned to each dataset to target a
specific impairment in need of restoration. A
score was applied to each dataset based on how it
satisfied that threshold criteria. Each of these
individual data layers was summarized into cat-
egorical maps with the catchment resolution to
reflect how the scores were applied. The catch-
ment maps were used as overlays and the individ-
ual scores were summed to determine a total
score that reflected the restoration priority for
each catchment within the study area as described
in the following sections.
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Table 1. Summary of the four major criteria for Integrated Restoration Prioritization.

Metric

Catchment Limit Threshold

Restoration Rationale

Natural Cover Criteria
Percent Riparian Cover

Percent Wetland Cover

Percent Forest and

Successional Cover
Altered Hydrology Criteria

Altered Hydrology

Aquatic Condition Criteria
In-Stream Temperature

Priority and Known Barriers
identified through Fish
Management Plans

Water Quality (FBI and IBI)

Below watershed percent

average =1
Below watershed percent
average =1

Below watershed percent
average =1

Based on the Severity
Assessment Criteria (Low =0,
Medium =1; High =2)

Stable and moderate =0;
Unstable and extreme =1

Occurrence =1

FBI: fairly poor, poor, very
poor =1; Good Fair =0 Or
IBI: fair, poor, no fish =1;
Good Very, Good =0

Terrestrial Natural Heritage Potential Criteria

Ecological Value Surface
score

Terrestrial Habitat
Connectivity Within the
Target TNHS

Wetland Connectivity

Below average percent natural
cover and above average
ecological value surface

score =1

Below average percent natural
cover and above average
terrestrial habitat connectivity
score =1

Below average percent wetland
cover and above average
wetland connectivity score =1

Areas in need of more cover
Areas in need of more cover

Areas in need of more cover

Areas where impairments and
threats to hydrologic function
are likely and are in need of

restoration/remediation

Upstream areas that are in need
of mitigation to reduce in-
stream heating

Areas where facilitating fish
movement is needed

Upstream areas that are in need
of mitigation to improve
water quality

Areas to increase natural cover
that are adjacent to areas of
significant existing cover

Areas of low natural cover that
can contribute most to connect-
ing areas of good natural cover

Areas of low wetland cover
that can contribute most to
connect good wetland cover

Existing natural cover

The existing natural cover category is repre-
sented by the three metrics; namely percent area
riparian, wetland, and forest cover within each
catchment. Natural cover data was derived from a
standardized interpretation of orthophotography
where riparian, wetland and forest cover have
been spatially delineated. The percent area of nat-
ural cover for three metrics was calculated within

each catchment and compared against their
respective ~ watershed average percentages.
Catchments that had below average percent nat-
ural cover were given a score of 1 inferring
impairment and that the catchment was in need
of more of that particular cover type. When all
three metrics were aggregated the range of poten-
tial score was 1 to 3, indicating the catchments
that are in low, medium, high need of natural
cover respectively (Figure 2a).
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Figure 1. (a) Digital Elevation Model (DEM) and (b) Arc Hydro catchments modeled from 30 ha drainage lines across urban,

urbanizing, and rural parts of TRCA’s nine watersheds.

Altered hydrology

A standard method of orthophoto interpret-
ation was developed specifically for this analysis
to determine the extent of anthropogenic stressors
across TRCA jurisdiction. Four metrics were

used to determine the severity of altered
hydrology; namely percent coverage of straight-
ened reaches, presence of on-line ponds, presence
of tile drainage, and percent of urban cover. The
catchments were ranked as low, medium, and
high based on how many criteria were satisfied
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Figure 2. TRCA-wide natural system criteria scores: (a) Natural Cover Scores; (b) Altered Hydrology Scores; (c) Aquatic

Scores; (d) Terrestrial Natural Heritage Potential Scores.

and this was then translated into numeric scores
of 0, 1 or 2 respectively with 2 denoting higher
hydrologic alteration (Figure 2b). To minimize
subjectivity during assessment, two separate
assessors used these criteria to score each catch-
ment individually. Where the scores were differ-
ent between the two assessors, a third assessor
was used to determine a final score for
those catchments.

Aquatic condition

Three metrics were chosen to indicate aquatic
conditions; namely temperature, in-stream bar-
riers, and water quality indices. Pre-existing ther-
mal data collected at 179 stations from
2005-2008 via TRCA’s RWMP and were eval-
uated to determine whether in-stream water tem-
peratures were stable and moderate or unstable
and extreme to assign a score of 0 or 1,

respectively (Wehrly et al., 1999). These scores
were applied to the catchments with a RWMP
monitoring station and all relevant upstream
catchments. In-stream barriers were assessed
based on the occurrence of known dams, weirs
and on-line ponds to assign a score of 1 if the
barriers were present. Water quality data was col-
lected at 303 sites from 2002 to 2012 via
TRCA’s RWMP and was evaluated using field
data indices, benthic invertebrate Family Biotic
Index (FBI) and fish Index of Biotic Integrity
(IBI) as proxies for water quality (Dauer et al.,
2000; Rosenberg and Resh, 1993). TRCA’s
RWMP recognizes benthic communities as a
stronger and more rapidly detectable indication
of water quality (Dauer et al., 2000; Rosenberg
and Resh, 1993); however, there were a few
monitoring stations where only fish sampling
data were available. At these sites, the FMP IBI
data were used to maintain a relatively even
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distribution and density of data across the study
area. The catchments with an FBI rank of fairly
poor to very poor and IBI rank of fair, poor, and
no fish were assigned the score of 1 indicating
the presence of an aquatic impairment (Figure
2c) which was applied to all relevant
upstream catchments.

Terrestrial natural heritage potential

Three metrics were used in conjunction with the
natural cover layer to reflect the potential terres-
trial natural heritage criteria; namely ecological
value surface, terrestrial habitat connectivity, and
wetland connectivity. Ecological Value Surface
(ESV) raster and scoring method was developed
for existing and potential cover areas across the
study area (TRCA, 2007b). The ESV used 18
peer reviewed ecological and land use criteria to
reflect specific landscape conditions and applied
them to 10 m x 10 m pixels with scoring to rank
its existing or potential ecological value to the
natural system. Criterion and scoring for the ESV
included data such as: distance from urban areas;
proximity to natural features; Interior forest;
proximity to other cover types; ownership; areas
under special regulation or protection designation
(e.g. Provincially Significant Wetlands); or any
land-use planning policy initiatives that provided
natural area protection (e.g. Ontario Greenbelt
Plan). Any catchments that had higher than aver-
age ecological value score but also had lower
than average existing natural cover were assigned
a score of 1 indicating a priority for restoration.
TRCA has also developed a predictive terrestrial
habitat connectivity layer as well as a wetland
connectivity layer using a circuit-theoretic
approach (McRae et al.,, 2008), which provides
relative contribution of each location within the
entire jurisdiction to maintaining the overall con-
nectivity of existing habitat patches. For terres-
trial habitat connectivity, high quality habitat
mosaic patches (TRCA, 2007b), which included
all forest, wetlands, meadows, and successional
areas, were used as the “core habitat” to connect
in the Circuitscape modeling. This approach goes
beyond species or guild specific focus, instead
ensuring that all habitat patches that have been
deemed important for regional biodiversity in
TRCA’s TNHS Strategy (2007a,2007b) are well
connected for present as well as for future
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conditions. The Circuitscape model (McRae
et al., 2008) was run to identify connectivity at
the regional scale at 10 metre resolution and later
scaled up to the catchment scale for
IRP purposes.

Wetland connectivity analyzed the connected-
ness of forest and wetland patches using spring
peeper habitat requirements as an assumed surro-
gate. Spring peepers are a local species of con-
cern for TRCA and appropriately represent the
semi-terrestrial amphibians in the jurisdiction that
require migration to wetlands (swamps, marshes,
ponds) for breeding in spring and to upland for-
ested habitat for the rest of the year to forage and
hibernate. Based on the habitat requirement ana-
lysis for spring peeper using TRCA long term
monitoring plot data, literature review, and
expert’s knowledge, all wetlands with more than
or equal to 30% forest cover within 300m of the
wetland boundary were delineated as the “core
habitat” patches for which landscape connectivity
is desired. In addition, all other wetlands larger
than 2 ha were also included in the “core habitat”
map with an assumption that larger mapped wet-
lands have greater opportunity to contain a
mosaic of wet and dry patches within it to sup-
port all wildlife represented by the focal species.
The Circuitscape model (McRae et al., 2008) was
run to identify connectivity at the regional scale
at 10m resolution and later scaled up to the catch-
ment scale for IRP purposes.

Any catchments that had above average terres-
trial and wetland connectivity scores but also had
below average natural and wetland cover respect-
ively were assigned a score of 1 each indicating
restoration priority to improve spatial cohesion
among the patches and build resilient habitat net-
works (Opdam et al., 2003, 2006). When all three
metrics were aggregated, the range of potential
score was 1 to 3 with higher scores denoting
higher priority (Figure 2d).

Integrating multiple criteria into
Integrated Restoration
Prioritization Framework

The aggregated scores for all metrics repre-
senting the four natural system criteria (Figure 2)
were overlaid in GIS to develop an IRP layer
(Figure 3) that was used to determine the overall
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Figure 3. TRCA-wide final IRP scores and priority ranks.

restoration priorities across the nine watersheds
of the TRCA jurisdiction. The overall score in
the final IRP layer ranged from O to 11 account-
ing for all metrics used.

Results

Figure 3 illustrates the spatial distribution of
the IRP ranks across all catchments of TRCA’s
nine watersheds. Most of the catchments (39%)
in TRCA’s jurisdiction are of medium priority,
followed by low priority (27%), and then by high
priority (12%) for restoration. Almost one fourth
of these high priority catchments are located
within the Highland watershed followed closely
by Etobicoke, Mimico, and the Rouge watersheds
at 22%, 22% and 17% of the high quality catch-
ments respectively.

In terms of the land use gradient, urban areas
contain a substantial number of medium to high
priority catchments (67%). As expected, this is
primarily driven by low natural cover, high
altered hydrology and low water quality. Altered
hydrology and low natural cover is prevalent
across urban areas except where catchments con-
tain wide valley and stream corridors with limited
development and higher amount of vegetation. In
rural regions the areas with significant altered
hydrology are more sporadic and mostly reflect
the isolated areas of intensive agriculture that are
affecting headwater reaches (e.g. straightened or
ditched channels, tile drains and on-line ponds).
In terms of the aquatic criteria, the higher scoring
areas are along the outer boundaries of develop-
ment where land use transitions from urban to
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rural. These are mostly in upper Duffins and
Rouge watersheds where higher density rural
dwellings and intensive agriculture exist. Lastly,
high priority areas for terrestrial natural heritage
potential are primarily along the southern bound-
ary of the Oak Ridges Moraine where develop-
ment pressures are moving into large expanses of
greenspace and agricultural lands. These are the
areas that have mostly low natural cover with
high priority for habitat connectivity needs.

Much of the rural portions of the study area,
such as northern section of Humber and Duffins
watersheds, have a final IRP score of 0-2, mainly
due to the low overall impairment levels and
higher value natural areas. These catchments are
highlighted as “protection” areas requiring con-
servation efforts to support these natural cover
strongholds emphasizing that they should receive
restoration efforts to correct more acute impair-
ments that might have significant local impacts
(e.g. large on-line ponds in cold water protec-
tion reaches).

A rudimentary orthophotogrphy assessment of
the results was performed to determine what
common features pertain to low, medium, high
and protection catchments. Figure 4 (available
online in the supplementary files) outlines some
general themes pertaining to each catchment pri-
ority type. Further analysis is needed to deter-
mine consistency over the entire jurisdiction
within each catchment.

Discussion

The IRP framework is designed to be system-
atic, flexible and repeatable where new or
updated data obtained through scientific studies
can be incorporated into restoration prioritization.
IRP incorporates a wide variety of restoration
considerations into one platform to create a deci-
sion support tool in the form of user-friendly GIS
mapping. Both the method and the results have
already facilitated strategic restoration decisions
within TRCA in terms of where to restore and
what to restore, especially when there are com-
peting objectives and multiple opportunities
within a constrained budget.

The final outputs detail priority categories as
well as a sum total IRP score. Beyond this, the
results can be further refined based on individual
metrics to achieve a specific goal or objective.
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For example, if there is an interest in identifying
areas to increase riparian cover for thermal miti-
gation, queries can be performed on the riparian
results (i.e. catchments with below average ripar-
ian cover) and the temperature results (i.e. catch-
ments with extreme or unstable temperatures) to
highlight catchments that would best contribute
to that objective if restored.

The IRP framework emphasizes that proper
interpretation of the data (i.e. understanding what
metrics within the analysis are driving priority;
what are some of the data gaps; and local site level
knowledge) is critical to developing an accurate
understanding of ecological function and restoration
priorities. For example regarding the aquatic data
used, there was an assumption that all catchments
upstream of a specific monitoring station influence
the data results acquired from the immediate down-
stream monitoring station. Increasing the density of
monitoring stations could improve validity and
understanding of the relationship between upstream
conditions and downstream impacts. Further, data
used for this iteration of the IRP varied between
watersheds depending on the temporal and spatial
parameters. This understanding of gaps and incon-
sistencies in the data will help to guide future direc-
tions in data collection in order to increase
consistency, distribution and accuracy of new data-
sets. The IRP analysis will be updated on a regular
basis to ensure that the most current and appropri-
ate data is incorporated as they become available.

Although the results demonstrate the differen-
ces between urban and rural landscapes, all data
were treated similarly across the urban-rural gra-
dient in how they were measured against their
predetermined limits. Further, restoration costs
were not considered in this analysis, primarily
due to its variability especially between urban
and rural landscapes. Continued analysis is
needed to apply land use context based informa-
tion that recognizes the differences between
urban and rural influences as restoration
approaches can differ between land-use types.

Conclusions

IRP is a decision support tool than can be
used for a variety of ecosystem restoration and
land management initiatives. The intent is to
facilitate strategic planning regarding restoration
that will have the greatest benefit to ecosystem
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health. The metrics used for the IRP analysis dif-
fers from other prioritization frameworks in that
it utilizes a wealth of long-term environmental
monitoring data collected regionally to make
determinations on the health of watersheds within
the Greater Toronto Area. The focus is on field
verified metrics that highlight natural system
impairments that active restoration can mitigate.
As such, directing a critical mass of restoration
efforts to priority areas could demonstrate a
measured impact to ecosystem health which
would be reflected in long-term monitoring and
trends analysis. Restoration activities can be
selected to directly address multiple watershed
health benefits including, but not limited to,
improved habitat availability, natural cover, base
flow conditions, water quality, erosion control,
and sedimentation abatement.

Implementing restoration projects within high
priority catchments can help to address watershed
scale fisheries management and watershed plan-
ning objectives which could contribute to delist-
ing the Toronto and Region AOC. The IRP could
also be used as a land-use planning tool to iden-
tify priority areas to preserve for restoration and
protection through land acquisition or conserva-
tion easements. Further, IRP could be used to
determine the most appropriate offset areas to
compensate for unavoidable natural feature losses
due to development pressures.

The IRP framework described in this docu-
ment outlines the first iteration of IRP analysis.
Future iterations will involve a continuous pro-
cess of coordinating with interested stakeholders,
updating data and adding supplementary data
layers as they become relevant to prioritizing for
restoration objectives.
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