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Abstract

Urban areas worldwide face significant pressure from population growth and urban expan-
sion, resulting in habitat loss. Urban planners need to develop a comprehensive strategy for
protecting, restoring and enhancing natural heritage (such as natural features and assets),
at the municipal and regional levels. Here, we propose an approach to design a Natural
Heritage System (NHS) that interconnects natural features and areas. This resulting NHS
aims to guide and prioritize the protection, restoration, and enhancement of ecological
areas and their functions. The NHS integrates terrestrial and aquatic ecosystem functions
for conservation planning. We leverage the Marxan optimization tool to identify target
areas using 36 ecological features. We compare three spatial scenarios: regional-scale,
watershed-scale, and a hybrid approach. We found that the hybrid scenario proved to be
the most effective, covering 52% of the jurisdiction. Then, we classified the target areas
into three tiers of the NHS: (1) existing natural cover (23.4%), (2) potential natural cover
(12.3%), and (3) contributing areas (16.3%). Contributing areas represent additional parts of
the NHS within developed or partly developed landscapes to support overall NHS health
and ecological function. These tiers allow for tailored management actions: protection
of existing natural cover and restoration of potential natural cover. Altogether, the areas
identified for the NHS by Marxan provide a strong, science-based framework to address
urbanization impacts and support long-term implementation of biodiversity and urban
sustainability solutions. It also provides enhancement opportunities through green infras-
tructure in contributing areas using nature-based solutions aiming to conserve biodiversity
in urban areas.

Keywords: connectivity; habitat suitability; land use planning; Marxan; natural heritage
system; optimization; urban ecosystem function

1. Introduction
There is an urgent need to protect, restore, and expand natural cover in urban areas

as land use changes continue to undermine biodiversity and ecosystem function [1–3].
Increasing population density is one potential solution to abating land use change and
urban sprawl [4,5]. However, while the spatial impact or footprint is reduced, increasing
density brings increasing intensity of potential stressors for ecosystems [6]. Solutions
must then balance between development needs (e.g., increased housing demand) and
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their potential impacts on natural systems, which underscores the challenge of creating a
sustainable urbanization process.

In urban areas, conversion refers to replacing natural cover with developed land for
urban expansion [7]. Densification refers to increasing building intensity within existing
land uses [8]. When these changes and/or densification occur in urban environments,
consequent impacts follow. These impacts result in altered abiotic factors (e.g., nutrient
runoff or pollution [9], increases in the urban heat island effect [10]). Biotic changes in-
clude the loss of habitat quantity and quality, and fragmentation that restricts species
movement [11]. Sustainable urbanization remains a challenge, as both conversion and
densification have detrimental effects on the natural environment. However, there may
be urbanization methods that lessen the impact and promote natural processes, such as
the movement of wildlife. Here, a Natural Heritage System (NHS) can be a key strategy
that can address this challenge. Indeed, an NHS can help identify areas for protection and
restoration, to conserve biodiversity and promote ecological functions. From a planning
perspective, an NHS can identify areas for three key actions. These actions include protec-
tion based on existing natural cover, restoration opportunities in potential natural cover,
and enhancement opportunities in urban land uses.

Urban green spaces are a crucial aspect of urban sustainability, as they are essential for
mitigating the ecological impacts of widespread impervious surfaces and urban land uses.
Developed parts of cities are primarily composed of impervious land cover. A continuous
network of vital green infrastructure, including parks, street trees, and naturalized ponds,
is maintained even within heavily urbanized areas. This green infrastructure serves a
vital ecological function by counteracting the effects of land conversion. Specifically, green
infrastructure absorbs rainwater, reducing surface runoff and preventing flooding [12],
as well as providing support to urban biodiversity [13]. These spaces also filter pollu-
tants [14], improve air quality [15], and contribute to the mitigation of the urban heat island
effect [16,17]. In doing so, they provide a direct counterbalance to the negative impacts of
dense development and extensively built surfaces.

Natural cover mapping is essential for understanding ecological impacts in the urban
environment. Mapping includes key landscape features such as wetlands, riparian areas,
and forests [18,19]. Here, the landscape could be defined by the various interacting ecosys-
tems and human-modified land uses [20]. This spatial perspective is essential to assess the
effects of habitat loss and fragmentation. Habitat loss is characterized by a reduction in
the overall area of specific natural habitat types [21]. Habitat fragmentation refers to when
habitat is divided into smaller and isolated fragments surrounded by a human-transformed
land cover [22]. Ecological function based on functional connectivity is therefore a key
consideration for land use change due to habitat loss and fragmentation. The amount and
configuration of habitat can have detrimental impacts on the movement and subsequent
population dynamics of a species [23,24]. Maintaining functional connectivity in terms of
the amount and configuration of habitat for species within the urban landscape increases
the amount of habitat available for species [25]. It is a challenge to consider long-range
species movement and their important corridors in order to carry out conservation practices
across the urban landscape. Incorporating functional connectivity into the approach would
ensure proactive conservation to maintain ecological corridor planning that anticipates
urban development and proposes mitigation [26]. Hence, characterizing connectivity and
the value of habitat patches within the landscape is crucial for informing strategic plans for
Natural Heritage Systems.

Conventional efforts in this space have often been guided by policy-based frame-
works, such as Provincial Policy Statements and municipal Official Plans that are used
in Ontario, Canada. These plans are crucial for establishing regulatory boundaries and
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guiding land use, but they can result in a disconnect between policy and ecology. An
NHS policy in Ontario outlines the protection and enhancement of biodiversity and eco-
logical functions [27,28]. These policies may inform land use planning and natural areas
management as defined in Ontario’s Provincial Policy Statement [27,28]. For instance, a
policy-based NHS may be a collection of legally protected areas, but it may not be an
ecologically functional network. There can be a spatial mismatch between areas designated
by policy and those with high ecological function, such as critical corridors for species
movement or groundwater recharge areas. A system designed with only policy-based
frameworks may fail to create the interconnected, resilient network necessary for long-term
ecological health. This failure underscores the need for a new planning framework that is
scientifically derived, data-driven, as well as designed to optimize ecological function, and
not only policy. This scientifically derived framework is essential to align with ambitious
global targets. Initiatives such as Nature Needs Half advocate for protecting at least 50% of
the planet in the face of biodiversity and habitat loss [29].

The GTA is an ideal location due to the urban pressures the region is facing as well as
the provincial policies in place [30]. By 2046, the Greater Toronto Area (GTA), comprising
multiple municipalities, is expected to increase its population from 7.4 million in 2024 to
10.5 million (a 41% increase [31]). Balancing urban growth and economic development
with environmental protection is necessary. Given the region’s population projections and
planned development, sustainable development using a science-based, solutions-oriented
approach can help to mitigate risks and protect natural features.

The study aims to develop a scientifical methodology to develop an actionable NHS
that can maintain natural areas and biodiversity in urbanized areas. To optimize which
areas should be prioritized for the target NHS, we use the Marxan algorithm and compare
three scenarios (regional scale, watershed scale, and hybrid scale). Then, we classify the
areas using a three-tier approach as either existing natural cover (protect), potential natural
cover (restore), and contributing areas (enhance). This process will help maintain natural
areas and their spatial configuration, which are essential for providing important ecosystem
services that support human well-being and biodiversity in urban environments.

2. Methods
2.1. Study Area

The study area comprises nine watersheds and the remaining area of the waterfront
under Toronto and Region Conservation Authority’s (TRCA) jurisdiction in the Toronto
region (ON, Canada). These watersheds include Etobicoke Creek, Mimico Creek, Hum-
ber River, Don River, Highland Creek, Rouge River, Petticoat Creek, Duffins Creek, and
Carruthers Creek (Figure 1). These watersheds overlap most of the Greater Toronto Area,
including the municipalities of the City of Toronto, the Durham Region, the Peel Region, the
York Region, the Township of Adjala-Tosorontio and Mono. The total study area consists
of developed/urban and agricultural lands, as well as remnant natural cover (e.g., forest,
meadows, wetlands) that cover 2487 km2 (248,689 hectares). Etobicoke Creek, Mimico
Creek, Don River, and Highland Creek watersheds along with the waterfront are primarily
urban (Table S1). In contrast, the remaining watersheds are less than 50% urban, but notably
Humber River and Duffins Creek watersheds have the highest amount of natural cover
(Table S1). A network of natural areas and living green infrastructure are found throughout
highly urbanized zones. Impervious land cover constitutes the primary surface in the
developed parts of the study area, including roads, as well as residential and industrial
land uses. In contrast, specific areas contain more abundant green infrastructure such as
older and established neighborhoods with high urban forest canopy. A defining feature of
the GTA is its extensive ravine system, which serves as the backbone of the green space
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network. Predominantly composed of forests, the ravines act as vital wildlife corridors,
supporting the majority of the region’s wildlife [26]. In addition, a significant portion also
supports plant species, including many sensitive and at-risk species [32]. The region is
defined by distinct policy boundaries, including the Greenbelt. The Greenbelt is a protected
area of green space, farmland, and forests mainly located in the north. The Whitebelt, which
is a transitional area between the Greenbelt and urban zones, is subject to development
pressure [33]. Based on these characteristics of the region, the study area was divided into
a total of 249,850 planning units for the reserve selection process.

Figure 1. Study area with the nine watersheds and land use within Toronto and Region Conservation
Authority’s (TRCA) jurisdiction. The remaining area of the jurisdiction is the waterfront.

2.2. Selection of Natural Areas

The reserve selection process to determine the target Natural Heritage System was
based on ecological and natural heritage features. This process aligns with the Natural
Heritage Reference Manual [34] using the software Marxan version 2.01 [35]. The Marxan
optimization tool systematically designs reserve (hereafter natural areas) systems through
spatial analysis [35]. It achieves targeted conservation goals, such as ecological repre-
sentation, using combinations of planning units (e.g., one-hectare hexagons) and a set of
predefined criteria. The jurisdiction was divided into 1 ha hexagonal planning units in
Marxan, resulting in a total of 249,850 planning units.

Data compilation for Marxan input was conducted using ArcGIS version 10.7.1 [36].
Individual targets were then set for each criterion. Marxan identifies combinations of
planning units that meet these targets while minimizing overall cost. Locked-in criteria are
first included in the selection process and then the optimization accounts for the remaining
criteria in the solution. A Boundary Length Modifier (BLM) setting of 2 was used to
control the spatial compactness of solutions. To promote a cohesive system that facilitates
connectivity, this BLM value reduced the isolated planning units in the optimal solution.
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For each Marxan run, the number of repetitions was set to 100. The final Marxan output
identifies the specific planning units selected as the optimized conservation solution.

2.3. Criteria for the Selection of Natural Areas

In total, 36 criteria were used in the Marxan analysis (Table 1). Criteria for the reserve
selection process were based on Ontario’s Provincial Policy Statement (2020) [37]. NHS is
defined by natural heritage features that are needed to support biodiversity, natural func-
tions and terrestrial and aquatic ecosystems. The Natural Heritage Reference Manual [34]
and Provincial Policy Statement [37] defined natural heritage features including wetlands,
wildlife habitat, woodlands, and valleylands. These features hold environmental and social
values as remnants of the region’s original natural landscapes. These eight criteria defined
the locked-in criteria, where the value was assigned such that significant natural features
are automatically included in the final scenario solution (Table 1).

Table 1. The 36 criteria used in the Marxan analysis for selecting the Natural Heritage System (NHS).
Numbers in parentheses indicate the total count of criteria included within each specific category
or type.

Category Type Date Source(s) Description

Locked-in ecological
and NHS feature and
area (8)

Wetlands 2020 TRCA [38] • TRCA updated wetland for
TRCA’s Water Resource System
(WRS; [38]) including
Provincially Significant
Wetlands, wetlands identified
using ELC (Ecological Land
Classification), and natural cover
interpretation (orthophotos).

• Restored wetlands.
• All wetlands are represented.

Fish Habitat 2020 TRCA [38] • Existing mapped watercourses
from TRCA’s WRS [39] with
a 10 m buffer.

• All watercourses are represented.

Woodlands 2017 TRCA [40] • All forests and successional
forests are represented through
TRCA’s natural cover.

Valleylands 2019 TRCA [41] • Represented by crest of
slope mapping.

Wildlife Habitat 2017 City of
Toronto [42]
TRCA [40]

• Includes Toronto
Environmentally Significant
Areas (ESAs), migratory bird
habitat (all natural cover), 5 km
from shoreline [43,44].

TRCA Conservation
Lands

2015 TRCA [45] • All natural cover within TRCA
property are represented.

Areas of Natural and
Scientific Interest
(ANSI)

2020 Ontario Ministry
of Natural
Resources [46]

• Consists of Earth and
Life Science.

Habitat of
endangered and
threatened species

2017 TRCA [40] • Mainly included in
criteria above.
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Table 1. Cont.

Category Type Date Source(s) Description

Ecological
Function-based
Criteria:
Terrestrial (20)

Remaining natural
cover

2017 TRCA [40] • Includes any remaining natural
cover not locked in above.

(9) Habitat suitability
analysis (HSA)

2020 TRCA [47] • Habitat suitability of avian and
amphibian functional trait
groups [47].

(4) Connectivity 2020 TRCA [48] • Pinchpoint connectivity
(corridors) of avian and
amphibian movement
guilds [47].

(3) Alpha diversity
(species richness)

2020 TRCA [48] • TRCA species inventory of
sensitive species—flora, avian
species, and vegetation
communities [48].

(3) Beta diversity
(species turnover)

2020 TRCA [48] • TRCA species inventory of
sensitive species—flora, avian,
vegetation communities [48].

Ecological
Function-based
Criteria: Aquatic (7)

(2) Riparian natural
cover

2020 TRCA [48] • All natural cover and forest
cover as riparian cover
summarized in 125 ha reach
contributing areas (RCAs) [48].

(4) HSA 2020 TRCA [48] • Habitat suitability of fish
functional trait groups [48].

Ecologically
Significant
Groundwater
Recharge Areas
(ESGRAs)

2020 TRCA [38] • Presence of ESGRAs, which are
groundwater recharge areas that
directly sustain sensitive
ecosystems, such as coldwater
streams and wetlands [48].

Municipal NHS (1) Municipal NHS in
their existing
Official Plans

2020 TRCA [48] • Municipal Terrestrial Natural
Heritage System [48].

The remaining planning units used 27 ecological function-based criteria, in addition
to the municipal Natural Heritage Systems (Table 1). Ecological criteria were based on
terrestrial and aquatic ecosystem features that would indicate planning units that were
valuable to conservation efforts. Terrestrial features were based on habitat suitability,
connectivity, biodiversity, and natural cover (Table 1). Aquatic ecological criteria focused
on habitat suitability, Ecologically Significant Groundwater Recharge Areas (ESGRAs), and
percentage of riparian natural cover and forest cover at the 125-hectare reach contributing
area (RCA) level (Table 1). Municipal Natural Heritage Systems were included as a criterion,
as they may add development protection. Consequently, these municipal natural heritage
planning units are not guaranteed to be protected nor locked in for Marxan analysis.

2.4. Data Analysis

For the 249,850 one-hectare hexagonal planning units, we used spatial data of the
36 criteria (Table 1) to summarize each planning unit for the Marxan analysis. The criteria
were grouped by aquatic and terrestrial features with equal weight selected between the
categories (Table 1). If criteria were continuous values, they were standardized to a value
between 0 and 100 (Table S3). If criteria were based on presence/absence values, they were
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given a value of 0 for absence and 100 for presence. Since locked-in values are included by
default, these criteria are given a value of 100 when present.

2.5. Scenario Assessment

The spatial extent determines the priorities that are selected from the Marxan analyses
and three scenarios were assessed to account for the systems approach at three scales:
(1) regional, (2) watershed, and (3) regional–watershed hybrid. The regional-scale scenario
represents the extent of TRCA’s jurisdiction and would result in regional priorities from
the Marxan solution. The watershed-scale scenario represents watershed priorities for each
watershed and mosaiced together. The regional–watershed hybrid scenario consists of
the regional and watershed-scale scenarios to represent the overall priorities at both the
regional and watershed scales. A sensitivity analysis selecting three percentages of natural
areas (here 30, 40, and 50%) was performed for the regional and watershed scales. Therefore,
the hybrid scenario would cover the importance of natural heritage features in both urban
and natural areas of the jurisdiction. To create the target system from the hybrid scenario, it
would encompass the overall footprint of the regional and watershed-scale scenarios after
determining the ideal target percentages, which were 40–50% of the landscape selected in
the Marxan solutions to align with initiatives such as Nature Needs Half [29]. This resulted
in one hybrid scenario that assessed a combination of 40% regional and 40% watershed,
and a second hybrid scenario of 50% regional and 40% watershed.

2.6. Tiered-Target System Classification

From the optimal scenario chosen and its final Marxan solution, the solution footprint
was separated into a three-tier system of the NHS with management actions of protect,
restore, and enhance. Rather than dividing the management actions as protect or not
protect, we designated actionable strategies that could vary according to the different types
of land cover within the NHS as well as revisiting the aquatic or terrestrial criteria driving
the selection of planning units, therefore providing a flexible approach to conservation to
the complex environment of the region ranging from natural, rural, and urban land cover.

The three tiers of the NHS are classified by existing natural cover (protect), potential
natural cover (restore), and contributing areas (enhance). This classification was directly
tied to the type of built/unbuilt land uses (Table S4), and the ecological function criteria
used in the analysis from the footprint of the optimal scenario. In the first tier, existing
natural cover represents the natural cover identified in TRCA’s 2017 natural cover layer
of the Marxan solution designated for protection. These are the core areas of the NHS
that currently exist with natural cover, encompassing prioritized natural spaces, and are
designated for protection. In the second tier, potential natural cover represents areas within
the planning units identified by the Marxan solution that are crucial for achieving ecological
function through restoration. These are areas that require restoration and are identified
based on their potential to enhance terrestrial ecological features, such as habitat suitability
and connectivity within agricultural fields or open spaces in urban areas. Lastly, the third
tier represents the remaining areas within the Marxan solution from the analysis designated
for enhancement. These areas are selected based on their influence on aquatic ecological
features, particularly the reach contributing areas (RCAs) for streams and wetlands. These
areas could apply green infrastructure and low-impact development that would improve
ecological function within the urban landscape.
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3. Results
3.1. Scenario Assessment

A sensitivity analysis of three NHS targets (30%, 40%, and 50%) was performed for
the regional and watershed-scale scenarios to evaluate their effectiveness. Each subsequent
scenario added more area to the footprint of the previous solution as the target increased.
At the 30% target, the regional solution could select only 26% of the jurisdiction-scale,
while the watershed-scale solution selected was 28% (Table 2). At the 40% target, the
regional solution accounted for 35% of the jurisdiction, and the watershed-scale solution
accounted for 37% (Table 2). At the 50% target, these numbers increased to 45% and 47%,
respectively (Table 2).

Table 2. Summary of the percentage of the jurisdiction selected under each scenario at varying targets.

Scenario Target Percent of
Jurisdiction

Percent Overlap in Jurisdiction for
Hybrid Scenario

Unique to
Regional

Unique to
Watershed Overlap

Regional

30% 26%

40% 35%

50% 45%

Watershed

30% 28%

40% 37%

50% 47%

Hybrid

Regional (40%) and
Watershed (40%) 48% 0% 4% 44%

Regional (50%) and
Watershed (40%) 52% 4% 3% 45%

The spatial differences between the regional and watershed-scale solutions were
markedly different, and these patterns influenced the hybrid model (Figure 2). The regional
scenario focused on maximizing conservation targets across the entire TRCA jurisdiction.
This scenario led to a solution that concentrated on the most intact, high-quality natural
areas, primarily in the less developed northwest (Humber) and northeast (Duffins) parts of
the region (Figure 2A). This regional concentration ensures the protection of these areas
with the highest ecological function in the region.

In contrast, the watershed-scale scenario was designed to prioritize conservation
within each of the nine individual watersheds. This approach resulted in a more distributed
solution. Conservation efforts were optimized to address the specific needs of urban
watersheds such as Etobicoke Creek, Mimico Creek, Don River, and Highland Creek
(Figure 2B). Natural cover is sparse and especially as the target increases from 40% to 50%.
At the watershed scale, these scenarios ensure that the conservation efforts are maintained
and prioritized within these highly fragmented urban watersheds.

The hybrid scenario was a combination of both the regional- and watershed-level ap-
proaches. This approach was designed to resolve the inherent trade-off between protecting
large, pristine areas and enhancing fragmented urban ones. There were more additions at
the watershed level in urban watersheds (Figure 2C). This combination outperformed either
scenario individually by selecting 48% of the jurisdiction at a combined target (regional and
watershed) at 40% (Table 2). By increasing the regional target to 50% while maintaining
the watershed target at 40%, the hybrid scenario achieved a total coverage of 52% of the
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jurisdiction (Table 2). The hybrid scenario achieved a balance between regional ecological
function and urban watershed priorities.

Figure 2. Comparison of Marxan solutions for (A) regional scale, (B) watershed scale, and (C) the
regional–watershed hybrid approach. In panel (C), ‘R’ represents the regional level and ‘W’ represents
the watershed level.

A breakdown of the hybrid scenarios to indicate their overlap between the regional
and watershed levels further elucidated the influence of these models. For the 48% total
coverage, the regional level comprised 40% and the watershed level comprised 40%, while
at the hybrid level, 44% of the area was shared between the regional and watershed
solutions, with 0% uniqueness at the regional scale and 4% uniqueness at the watershed
scale (Table 2). To further break down the unique locations of the watershed level, these
were in the urban watersheds of the Etobicoke Creek, Mimico Creek, Don River, and
Highland Creek (Table S2). Similarly, of the 52% total coverage from the regional level
(50%) and watershed level (40%), the hybrid level comprised 45% shared area, with 4%
uniqueness at the regional level, and 3% uniqueness at the watershed level (Table 2). To
further break down the unique locations at the regional and watershed level, these were
concentrated in the Humber River, Rouge River, and Duffins Creek watersheds with the
most natural areas for the regional level, and for the watershed level, there was uniqueness
in the urban watersheds of Etobicoke Creek, Mimico Creek, Don River, and Highland Creek
(Figure 2, Table S2). The unique 4% selected by the regional scenario focuses on expanding
large core habitats, whereas the 3% selected by the watershed scenario supports additional
urban habitats.
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3.2. Tiered-Target System Classification

The optimal Marxan solution (hybrid scenario of regional—50% and watershed—40%)
was classified into a three-tiered system to provide a practical framework for manage-
ment. The tiered management approach provides a clear framework that translates the
optimization results into differentiated management actions.

The first tier, existing natural cover, comprised solutions that are within the 2017
TRCA natural cover layer, comprising 23.4% of the jurisdiction (Figure 3). This 23.4%
forms the backbone of the NHS, comprising the region’s most ecologically functioning core
areas (Figure 4). These were the core areas of the NHS, encompassing natural cover and
designated for protection.

 

Figure 3. Tiered classification of the target Natural Heritage System (NHS) into the existing natural
cover, potential cover, and contributing areas.

The second tier, potential natural cover, consisted of planning units identified by the
Marxan solution that are ideal for achieving ecological functionality and encompasses
12.3% of the jurisdiction (Figure 3). These are areas that require restoration on unbuilt/open
space land uses and are identified based on their potential to enhance terrestrial ecological
features, such as habitat suitability and connectivity. These areas were also determined by
land use types that may suggest conventional restoration opportunities, such as agriculture
or recreational/open spaces. The 12.3% potential natural cover is located on unbuilt/open
space land uses, which simplifies restoration feasibility while in close proximity or adjacent
to existing natural cover.

Finally, the third tier, contributing areas, represented the remaining solutions from
the analysis and comprised 16.3% of the jurisdiction (Figure 3). These areas were selected
based on their influence on aquatic ecological features, particularly the reach contributing
areas (RCAs) for streams and wetlands. These areas are designated for enhancement
through green infrastructure and other interventions that improve ecological function
within the broader urban matrix. The 16.3% contributing areas are crucial for identifying
the remaining areas of the limited urban landscape to help mitigate urban impacts.
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Figure 4. Target Natural Heritage System (NHS) with the existing natural cover, potential natural
cover, and contributing areas. Panels are examples of the target NHS in (A) natural, (B) rural, and
(C) urban areas overlaid on orthophoto imagery [49].

4. Discussion
The effectiveness of the systematic, data-driven approach is a key result of this ap-

proach. The Marxan optimization tool integrates multiple criteria to evaluate all planning
unit combinations strategically. This process allowed for a greater and more strategic area
to be included in the NHS than would have been possible with a rule-based approach.
This methodology provides several benefits for addressing complex urban conservation
challenges. Unlike ad hoc or qualitative methods, a systematic approach makes the costs
and benefits of different conservation scenarios clear, leading to more informed and robust
decision-making [28,50]. Also, by including a science-based framework, it provides a trans-
parent, repeatable, and defensible foundation for making decisions [51]. This repeatable
methodology can provide a framework for other rapidly urbanizing regions globally.

This NHS approach represents a novel and fundamental shift in conservation strat-
egy, moving beyond the goal of protecting ecological remnants to actively re-integrating
ecological function into the human-dominated landscape. This strategy acknowledges
that conserving the few remaining high-quality natural spaces is insufficient for long-term
resilience, particularly with the combined effects of climate change and urbanization. The
inclusion of the contributing areas tier is a direct response to this limitation. It recog-
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nizes that built-up areas, through strategic implementation like green infrastructure and
low-impact development, can maintain important functions. These functions include
stormwater management [52], urban heat island mitigation [16,17], and water quality
improvement [53]. This demonstrates an understanding that a successful urban Natural
Heritage System should be a hybrid of natural features and nature-based solutions.

While the NHS provides a robust framework, the research also highlighted several
limitations and challenges. For instance, achieving high representation targets remains
difficult in highly urbanized areas, such as the waterfront, where natural cover is sparse and
locked-in criteria are limited. The analysis also noted diminishing returns for exceedingly
high conservation targets, indicating that there is an optimal balance to be found between
the proportion of representation and the resulting coverage of the jurisdiction. This is
particularly evident in highly urbanized areas where sparse natural cover and a lack of
additional criteria act as a practical limit on the total area that can be selected for the NHS.
Another key limitation is that policy-based decisions, such as those that guide a municipal
NHS, may not always optimally maintain ecological function, especially when a spatial
mismatch exists between policy-driven areas and those with high ecological function [54].
This underscores the need to continually align policy frameworks with science-based
ecological priorities.

This framework provides a strong foundation for future research and implementation.
Using the target NHS, there is the potential for integrating Nature-based Climate Solutions
(NbCS) within the tiered system, leveraging the identified tiers for biodiversity and cli-
mate resilience [53]. The NHS can also serve as a tool for watershed-based management,
translating the tiered framework into actionable plans for restoration, enhancement, and
the implementation of low-impact development within each watershed’s unique land use
context [55]. These future directions highlight the potential of this research to inform not
only conservation but also broader urban sustainability and climate adaptation strategies.

Overall, this research demonstrates that using a systematic, science-based approach
with an optimization tool is beneficial. Marxan allows for a greater area to be included
in the NHS than would be possible with simpler, more conventional planning methods.
This robust framework is crucial for addressing the complexities of urban conservation.
The analysis found that the hybrid scenario, which combines priorities from both the
regional and watershed levels, is the most effective approach for urbanizing regions. It
strategically balances the protection of large, high-quality natural areas with the needs of
fragmented urban watersheds. This ensures that conservation efforts are comprehensive
and not disproportionately concentrated in one type of landscape. The classification of
the final solution into three tiers of existing natural cover, potential natural cover, and
contributing areas is a practical and actionable output of the research. This tiered approach
provides clear, differentiated management actions, moving beyond an explicit “protect
or not protect” approach to guide protection, restoration, and enhancement strategies.
The target NHS footprint identified by Marxan serves as a decision-support tool that
integrates both terrestrial and aquatic ecosystem functions. By including criteria for con-
nectivity and incorporating the reach contributing area scale, the system is designed to sup-
port long-term biodiversity resilience, provide vital ecosystem services, and contribute to
overall urban sustainability.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/conservation6010021/s1, Table S1. Summary of land use area
(hectare) and percentages in each watershed and the waterfront of Toronto and Region Conservation
Authority’s (TRCA) jurisdiction. Table S2. Summary of the two hybrid scenarios, detailing the
percentage of TRCA’s jurisdiction selected and its breakdown into unique and overlapping areas of
the regional and watershed-level solutions. Table S3. Natural Heritage System values of criteria for
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input into Marxan. Table S4. Land use designated as built and unbuilt for the tiered classification of
the target Natural Heritage System (NHS) using TRCA’s land use (2017) [56].
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