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The Ring of Fire (RoF) region in northeastern Ontario, Canada, is an emerging
mining frontier rich in critical minerals including nickel, chromite, and copper.
The RoF lies within Treaty No. 9 territory and is home to several Indigenous First
Nations, including Marten Falls, Webequie, and Neskantaga. While promising
significant economic benefits, the future development poses various
environmental risks, and concerns about Indigenous consultation and
consent. The RoF is found in the Hudson Bay Lowlands (HBL), one of the
world’'s largest peatland complexes that cover 90% of the HBL landscape.
These peatlands play crucial roles in carbon storage, water regulation, and
biodiversity maintenance. The region's remoteness—540 km from urban
centers and lacking all-season road access—requires development of
significant infrastructure such as roads, airstrips, and transmission lines. In this
review, researchers used the Bowtie Risk Assessment Tool (BRAT) to analyze
environmental risks, focusing on planned construction of three major all-season
roads and resulting peatland disturbance. Two primary threats emerged: (1)
peatland drainage causing habitat loss (including for threatened species like
woodland caribou), wildfire risk, and increased carbon emissions; (2) linear
infrastructure impact such as edge effects, invasive species, hydrological
alterations, and permafrost degradation. Climate change may exacerbate
these effects, increasing risk of drought and wildfire. Preventive and mitigation
strategies involve habitat protection, clustering infrastructure, optimized road
construction, construction and maintenance of culverts, invasive species control,
and wildfire management. In conclusion, while mining development in the RoF
region could boost the economy, it poses significant threats to one of the world’s
largest peatlands, risking increased carbon release and biodiversity loss.
Indigenous communities would face social and cultural impacts, underscoring
the need for sustainable development that respects environmental preservation
and Indigenous stewardship.

Bowtie risk assessment tool, linear infrastructure, mining development, peatland
disturbance, regional assessment, road construction, Hudson Bay Lowlands
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1 Introduction

Major mining development is anticipated in the Ring of Fire
(RoF) region, located in the James Bay area of the Hudson Bay
Lowlands (HBL) in northeast Ontario, Canada (Figure 1). The
region is found within Treaty No. 9 territory, which has been
home to numerous First Nation communities for thousands of
years. The HBL is primarily dominated by peatlands (90%),
including  ombrotrophic  bogs and minerotrophic  fens
(McLaughlin and Webster, 2014). These peatlands comprise one
of the largest peatland complexes globally, covering 221,000 km?
(Riley, 2003). Within this water saturated landscape, approximately
540 km northeast of the nearest large settlement (Thunder Bay,
Ontario) and 330 km from the nearest paved roads, lies an area of
land initially estimated to hold $60 billion (CAD) in mineral
deposits of nickel, chromite, copper, and other critical minerals
(Hjartarson et al., 2014). Recent speculation has revised this estimate
to range from $90 billion to a controversial $1 trillion (Turner,
2023). These mineral deposits have garnered growing interest for
their role in the renewable energy transition, technological
advancement, and, most recently, in supporting Canada’s
strategic independence and control over critical minerals.

As mining companies became aware of it, in 2007, they regarded
the RoF as the largest mineral deposit of its kind ever discovered in
Canada, with substantial mining opportunities and operations that
could last for centuries (Gamble, 2022). However, due to a lack of
road infrastructure connecting the region to the rest of Ontario, the
RoF is not easily accessible, and extraction is unviable economically
without road access (Riley, 2011). With the prospects of mining

FIGURE 1
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development drawing increased attention, proposed road networks
would connect RoF communities to the south and facilitate resource
extraction opportunities (Office of the Premier, 2020). These roads
could lead to transformation of a remote, vast, pristine northern
Canadian wilderness into a developed and accessible region,
providing economic opportunities but also resulting in a more
fragmented and environmentally disturbed landscape.

Along with essential main access roads and in addition to the
footprint of the mines themselves, mining development in the RoF
region will, similar to other regions, result in the construction of a
network of varied linear features, including local access and
transportation roads, airstrips, transmission lines, as well as other
operational infrastructure such as administrative buildings,
processing facilities, storage areas, camps, gas stations, and
potentially other essential service infrastructure, such as stores
and restaurants (Worlanyo and Jiangfeng, 2021). This mining
development would likely necessitate complete peatland drainage
in some areas; in other areas it would contribute to changing water
table levels and flow patterns, caused by the removal and disruption
of vegetation and soil, potentially converting them into ecosystem
types that are inhospitable for peatland flora and fauna (WSP, 2019)
as observed at the DeBeers Canada Victor diamond mine in the
James Bay Lowlands region of northern Ontario (Whittington and
Price, 2012; Harris et al., 2020). Together, these industrial landscape
alterations pose significant and potentially irreversible threats to the
ecological integrity and hydrological functioning of peatland
ecosystems in the RoF region.

Amid controversies between the federal and provincial
governments, mining and exploration companies, and local
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Ring of Fire mining claims in far north Ontario, and proposed and established roads. Inset, a map of Canada, with the province of Ontario highlighted.
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FIGURE 2

(a) Landscape classification (permafrost classes, wetlands (including peatlands), lakes) and (b) the proposed and established roads in the RoF region,
connecting First Nation communities, including Aroland, Marten Falls, Neskantaga, Nibinamik and Webequie with the RoF crescent (where the mining

development is currently planned) and the south of the Ontario province.

Indigenous communities (Casey, 2023), exploratory activities and
industrial development planning in the RoF region are ongoing,
covering approximately 4,972 km? (Government of Ontario, 2025).
Over the years, numerous companies held claims in the RoF region,
notably American-based Cleveland-Cliffs (formerly known as Cliffs
Natural Resources), which sold its assets in 2015 to Canadian-based
Noront Resources Ltd. (Noront), MacDonald Mines Exploration
Ltd. (MacDonald) which sold its assets to Noront in 2016, and most
recently, Australian-based mining company Wyloo Metals (Wyloo),
which bought Noront’s assets in April 2022 (Northern Ontario
Business, 2023).

Although the extraction of mineral reserves within the RoF
region could bring substantial economic benefits to local
communities, the potential development of the region has been
politically controversial over the years, facing opposition from
several Indigenous communities due to the likely environmental
destruction of the fragile boreal ecosystems (Turner, 2022).
Industrial development in the RoF region is expected to provide
as many as 5,500 jobs annually and generate steady income for
several isolated First Nations (FN), particularly the Marten Falls FN,
Webequie FN, and Neskantaga FN, scattered throughout the HBL
region (Hjartarson et al., 2014; Gamble, 2022) (Figure 2 — Map of
Indigenous communities around RoF) (Knight Piésold Consulting,
2013). Initially, it was projected that during the first 32 years of
operation, the RoF would contribute up to $16.7 billion to the Gross
Domestic Product (GDP) for the mining industry in Ontario,
$6.7 billion in government tax revenue, and a total of $5 billion
in other sectors (Hjartarson et al, 2014). Given these projected
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returns, in 2017, the Ontario government allocated a budget of
$1 billion to invest in infrastructure to support the region’s
development (Office of the Premier, 2017), although as of 2022,
the estimated investment needed had increased to over $2 billion
(McIntosh, 2022). However, these economic gains would come at a
significant environmental cost. The construction of linear
infrastructure, such as roads, alongside other developments,
including electrical facilities, mining operation plants, and
processing facilities will affect the boreal ecosystems of the RoF
region and beyond, including the peatlands of the HBL.

In October 2019, the RoF region FNs made their first
recommendation to the Minister of the Environment and
Climate Change Canada (ECCC) within the Canadian federal
government, requesting authorization for the Impact Assessment
Agency of Canada (IAAC) to conduct a Regional Assessment (RA)
for the HBL area (Regional Assessment Working Group, 2025). As a
planning tool, the RA will focus on key environmental, social, health,
cultural, and economic components that could potentially be
affected, whether positively or negatively, by the proposed
mining developments and activities in the RoF region. In January
2025, fifteen FN communities in the RoF region, including the
Matawa FN, Mushkegowuk FN, and Weenusk EN, together with the
ECCC department, established a Terms of Reference aimed at
providing clarification and a collective understanding of the
purpose of the RA in the RoF region. Our review, in line with
the call for an RA, focuses the potential impacts of linear
infrastructure on peatlands in the RoF region. As part of the
potential effects of the mining development on environmental
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conditions, the review aims to inform the development of the RA in
the Ring of Fire, currently planned as per the Terms of Reference
(Regional Assessment Working Group, 2025). Although the Terms
of Reference is considered a milestone with respect to planning of
the industrial development in the RoF region, the challenges and
controversy continue, with few FNs in the area being consulted on
with it 2024;

the project or in (Taschner,

Needham, 2025).

agreement

2 Description of the study region
proposed for mining development

2.1 Peatlands of Hudson Bay Lowlands

The RoF region (86.3°W, 53.0°N) is located in the James Bay
Ecoregion of the Hudson Bay Lowlands Ecozone (Crins et al., 2009;
Riley, 2011) (Figure 1). The climate is classified as Perhumid High
Boreal, characterized by long, cold winters and short, cool summers
(Crins et al., 2009). Average annual precipitation ranges from
528 mm to 833 mm, while the average annual temperature falls
between —2.6 °C and —0.5 "C (Crins et al., 2009). This moist, cool
climate is essential for peatland persistence in the region
(Riley, 2011).

The geology of the region is comprised of limestone, shale, and
sandstone (Riley, 2011; Riley, 2003). Over the past 1,000 years, the
region has undergone post-glacial rebound, gradually retreating and
revealing the lowlands present today (Riley, 2011). As the coasts
receded, the land changed from tidal zones to mineral wetlands with
marine silts and clay capable of retaining water, which ultimately
evolved into the peatlands seen today, covering 90% of the HBL
landscape (Riley, 2011) (Figure 2a). Less common mineral terrains
include silty till, glacial lake clay, and glaciofluvial deposits (kames
and eskers) composed of sorted granular material, along with
various mineral soil textures found in alluvial floodplains
(Cosford et al.,, 2019). Along the northern Hudson Bay coastline,
extending about 100 km inland, permafrost becomes increasingly
discontinuous southward, transitioning into seasonal frost (Riley,
2011; Gruber, 2012) (Figure 2b). In the southern sections of the
lowland, permafrost may be restricted to areas of deep peat
(Riley, 2003).

This review specifically examines the potential ecological
impacts of the prospective linear footprint on peatlands, which
cover most of the area targeted by the mining development in the
RoF mining claims, as well as to the south of it, where major road
construction is planned (Figures 1, 2). The northern portion of this
proposed road network in particular falls in the region heavily
dominated by wetlands, including peatlands. Peatlands are
identified as ecosystems characterized by a thick layer (at least
30-40 c¢cm) of organic matter or peat, resting atop underlying
substrates (Rochefort et al., 2012). Vegetative debris accumulates
over thousands of years, often forming multi-metre thick organic
layers over the mineral soils (McLaughlin and Webster, 2014). The
peatlands found in the HBL Ecozone include drier peat plateaus and
palsas, often with extensive lichen cover, as well as wetter nutrient-
poor (ombrotrophic) bogs and nutrient-rich (minerotrophic) fens
(Riley, 2011). More specifically, bogs found in the HBL include
domed bogs, northern plateau bogs, net bogs, treed bogs, and
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thermokarst bogs, while the fens include string fens, ladder fens,
channel fens, watertrack fens, and horizontal fens (Cosford
et al.,, 2019).

Peatlands are efficient permafrost insulators and play a key role
in determining the vegetative structure of the landscape (Riley,
2011). They are also vital in preventing floods and droughts,
providing habitat for diverse and unique species of fauna and
flora (Minayeva et al, 2017; Stralberg et al, 2020), filtering
drinking water, and supplying resources for human use and
consumption (fibers, food, fuel, medicinal plants), as well as
holding
(Townsend et al., 2020). Furthermore, peatlands hold pollen

cultural significance for Indigenous communities
traces and artifacts that constitute an important historical record
that enhance our understanding of the ecology and climate, as well
as the human past (Riley, 2011; Vitt et al., 2011; Rochefort et al.,
2012; Minayeva et al, 2017; TUCN, 2021). Moreover, peatlands
represent the largest terrestrial store of soil carbon (IUCN, 2021).
Globally, peatlands sequester 0.37 gigatons (Gt) of carbon dioxide
(CO,) each year (IUCN, 2021) due to slow decomposition under
anaerobic, waterlogged conditions (Riley, 2011). Specifically, the
HBL stores approximately 74 Gt of carbon as peat within the first
2 m of soil, equivalent to about 13% of the total soil organic carbon
and 39% of the amount specifically in peatlands in Canada (Sothe
et al, 2022). Consequently, peatlands contribute to climate
regulation and can significantly mitigate global climate change
(Harris et al,, 2022) with the HBL contributing a large portion at
the national level.

2.2 Proposed mining developments and
companies involved

One of the primary mining projects, originally led by Noront, is
the Eagle’s Nest Project, which would involve opening of a multi-
metal mine dedicated to extracting nickel, copper, palladium, and
platinum through underground mining operations (Knight Piésold
Consulting, 2013). The mine would also require the construction of
a processing facility and ore transportation and handling
infrastructure, as well as permanent disposal areas for waste rock
and tailings, all planned to be located underground in the RoF area
(Knight Piésold Consulting, 2013). The Eagle’s Nest deposit
contains approximately 11 million tonnes of proven and probable
reserves, with 9 million more tonnes of inferred resources (Noront
Resources, 2021). It would be expected to be in operation for
11-20 years and have an ore production capacity of 2,960 tonnes
daily (Knight Piésold Consulting, 2013). After completing the
acquisition of Noront in the RoF in April 2022, Wyloo Metals
took over the project, committing to developing Eagle’s Nest as a
net-zero emission mine (Wyloo, 2022). As of January 2024, Wyloo
was still planning Eagle’s Nest Project as the first and most
promising site worth development, with the starting date for
development foreseen in 2030 (Campbell, 2024).

The other assets, which Noront acquired from Cleveland-Cliffs
(2015) and sold to Wyloo (2022) included several chromite deposits:
Blackbird Chromite Deposit, Black Thor Deposit, Big Daddy
Deposit, and Black Label Deposit (Table 1). Other critical
mineral and other deposits in the RoF area include titanium,
vanadium and cobalt (prospective Thunderbird mine), copper
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TABLE 1 Mineral deposits acquired by Wyloo from Noront in 2022.

10.3389/fenvs.2025.1676633

Deposit Measured and indicated resource/Inferred resource
(million tons)
Black Bird Chromite 20.5/23.5
Black Thor Chromite 137.7/26.8
Big Daddy N/A 29.1/3.4
Black Label N/A 5.4/0.9
Thunderbird (prospective mine) Titanium, vanadium and cobalt N/A
McFaulds and Nikka (prospective Copper and zinc N/A
mines)
JJJ (prospective mine) Gold N/A
Kyle and MacFayden (prospective Diamond N/A
mines)
Butler Property Copper and zinc N/A
Sanderson Property Nickel, copper, and platinum group metals, and | N/A
chromite

and zinc (prospective McFaulds and Nikka mines), as well as gold
(prospective JJJ mine) and diamond (prospective Kyle and
Macfadyen mines). In 2016, Noront also acquired the Butler
property (prospective for copper and zinc deposits) and
Sanderson property (prospective for nickel, copper and platinum
group metals and chromite deposits) from MacDonald, which were
also sold by Noront to Wyloo in 2022. If developed, these
prospective mines could lead to further construction of open-pit
or underground mines, ore processing facilities, tailing ponds,
disposal areas, and linear features (access and transportation
roads, transmission lines) to support this mining development in
the RoF region (with production facilities, including smelters,
preliminarily planned for construction elsewhere to the south,
in Ontario).

2.3 Proposed roads in the Ring of Fire region

Before mining development can proceed in the RoF region,
road infrastructure must be constructed to access the remote
areas of northern Ontario, which are currently disconnected
from the major all-season road network in the southern part
of the province. The proposed roads would connect Webequie
First Nation (WFN) and Martin Falls First Nation (MFFN) to the
main road network to the south and provide access to the mining
deposits. At present, the only access to MFFN or WEN is via
winter road or by air. No winter roads reach the mineral deposits
themselves. The exact routes proposed, and construction
timelines, have evolved over the last few years with the most
recent estimates (i.e., spring 2025) placing the completion of the
road network between 2035 and 2040 (Hale, 2025). In 2022,
MFEN and WEN took the lead in conducting the provincial and
federal Environmental and Impact Assessments for the proposed
Marten Falls Community Access Road and Webequie Supply
Road projects (Government of Ontario, 2022). While it was
announced in May 2023 that it would undergo a federal
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environmental impact assessment by the TAAC (Cimellaro,
2023), the Ontario government has expressed intent in
2025 to fast-track road construction and resource development
in the RoF region despite opposition from the Matawa Chiefs
Council (Ross 1., 2025).

The Marten Falls Community Access Road would be a 2-lane,
190-230 km long, all-season gravel road that connects the MFFN
community to Painter Lake Road on the main road network
(Beaney and Barss, 2020) (Figure 2b). The Webequie Supply
Road would be approximately 107 km long, extending about
51 km south-southeast toward the WFN community before
turning east for about 56 km. This all-season, 2-lane gravel
road would lead from the WFN community to the McFaulds
Lake area, east of the Mukutei River (Cosford et al., 2019)
(Figure 2b). An additional all-season road, the Northern Road
Link, would connect the proposed roads, extending from MFFN
to the RoF, about 117-164 km in length and crossing the
Attawapiskat River (SNC-Lavalin, 2020). This road would
become part of a future all-season road network connecting
mineral development activities in the RoF region to the
provincial highway system at Nakina, Ontario (Northern Road
Link, 2023). All these roads would be built within a 100-m right-
of-way clearance to a width of 60 m (Northern Ontario Business,
2019). The proposed road network would also facilitate year-
round movement between the WFN and MFFN communities and
future mine sites in the RoF crescent, enhancing economic
opportunities and community engagement in mining
development, as well as providing access to other social,
health,

opportunities available in the south of the province or

education or cultural resources, services and
elsewhere in Canada. Several additional FNs have concluded
agreements with the Ontario government to support road
development and infrastructure that would connect their
communities to the RoF region through the main road
network and provincial highway system (Casey, 2024). For

example, in January 2025, Ontario agreed to provide Aroland
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TABLE 2 The terminology used in the Bowtie Risk Assessment Tool (BRAT) with definitions and analogous terms, simplified and excerpted from Winder et al.

(2021). Letters and colour codes in parentheses are used later in the results.

Analogous term(s)

Policy objective at risk

BRAT term Definition (in ecological context)

Hazard Key policy developed to achieve the desired outcome, found in the grey
literature or high-level peer-reviewed studies and syntheses.

Top event Result of the failure of the Hazard, which can be triggered by the cumulative

effects of single or multiple Threats.
Threat (T, blue)

Consequence (C, red)
condition that the key policy seeks to avoid).

Preventive Barrier (P)
occurrence of the top event.

Mitigation Factor (M)
of a Consequence.

Escalation Factor

A cause of anthropogenic risks that can trigger the top event.

Outcome of policy failure due to occurrence of the top event (a specific

Anthropogenic factors that limit Threats and thereby control or prevent the

Anthropogenic or natural factors that could potentially mitigate the severity

Influences regulating/elevating risks by limiting the effectiveness of Barriers

Tipping point/Deleterious cumulative effect

Cumulative effect driver

Trajectory or outcome of a cumulative effect

Proactive management

Human intervention or natural regulator

Compounding driver of a cumulative effect

and Mitigation Factors (if several, acting in synchrony).

De-escalation Factor

Influences regulating/reducing risks by increasing the effectiveness of

Compouding inhibitor of a cumulative effect

Barriers and Mitigation Factors (if several, acting in synchrony).

Secondary Barrier
Escalation Factors or De-escalation Factors.

First Nation with $20 million to support infrastructure projects
(Ross, 2025b).

3 Methods of assessment

3.1 Environmental risk assessment of linear
disturbance-related mine resource
development using the Bowtie Risk
Assessment Tool (BRAT)

Risk analysis is essential for understanding and managing
cumulative effects related to various environmental problems.
These cumulative effects on the environment arise from diverse
and overlapping human and natural sources, such as resource
extraction, natural disturbance regimes, and climate change,
which can compromise peatland services in the HBL region. For
their
policymakers, regulators, and diverse stakeholders in setting aside

various industries and activities, risk analysis aids
technical and policy biases. It allows for the language of risk analysis
to be spoken using various methods, including the Bowtie Risk
Assessment Tool (BRAT). The BRAT approach is recognized by the
International Organization for Standardization (IEC/ISO 31010:
2009 standard), deriving its name from the shape of the key
framework diagram, which resembles a bowtie (CGE Risk
Management Solutions, 2017). Recently, BRAT has been utilized
to visually synthesize the key elements of environmental risk
assessment (Table 2; Winder et al, 2021; Antwi et al,, 2023).
This technique includes a diagram that lists threats along with
corresponding preventative measures, and consequences with
corresponding mitigating factors, which may evolve due to a
specific hazard, i.e., a key policy developed to achieve the desired
outcome (Winder et al, 2021). The application of BRAT for
identifying and managing environmental risk events is relatively
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Interventions and influences that could potentially limit the effect of

Regulator of comp. drivers/inhibitors

new but has proven to be an effective and efficient approach (ICES,
2014; Creed et al., 2016; Elliott et al., 2017; Kishchuk et al., 2018;
Winder et al., 2021).

Here we present an application of BRAT to provide a high-level
assessment of the potential ecological impacts of planned linear
infrastructure and disturbances associated with road construction,
as required for the development of proposed mining operations in
the RoF region on peatlands in Northern Ontario’s HBL region.
While subsequent mining operations themselves can significantly
impact the environment (e.g., generating contaminants that may
pollute the peatlands surrounding the mines), these effects are
beyond the scope of this paper, which focuses on the physical
destruction and linear footprint effects on ecological processes
and the health of boreal peatlands. Impact assessment of the
potential industrial development on socioeconomic, health, and
cultural aspects of Indigenous communities in Northern Ontario,
though immensely significant and intricately connected to the
environmental impacts, is also beyond the scope of this review,
which solely focuses on ecological impacts. Nonetheless, the analysis
presented here can provide baseline information and science-based
knowledge needed to infer potential impacts on the overall wellbeing
of the affected FN communities in the RoF region. Separate risk
analyses using BRAT or other methods could be applied to the long-
term ecological concerns as well as socioeconomic impacts of the
mining development in the RoF region. Furthermore, even though
the evaluation of potential environmental impacts focuses on
peatland ecosystems, which are the dominant ecosystems found
in the HBL, many of the identified impacts apply to upland
terrestrial ecosystems as well.

As with any industrial operations, for the mining development
in the RoF region, multiple factors must be assessed to determine the
optimal approach (logistically, economically, socially), while
simultaneously minimizing the negative environmental factors.
The BRAT approach can inform the development of RA, serving
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as an effective bridge between science and policy, as it can be utilized
by policy analysts to assess potential ecological impacts and the
mitigation strategies involved in developing the RoF region. The
proposed development in the RoF is presented as a case study to
illustrate the utility and effectiveness of BRAT for planning
industrial development in the fragile and remote boreal
ecosystems in northern Ontario, which, until now, have not
experienced an extensive human footprint. Many aspects of the
high-level examples of potential threats and their prevention and
mitigation of consequences presented here can be applied to other
industrial developments in the circumboreal regions of the globe,
where northern peatlands are abundant. Furthermore, in the future,
BRAT analysis can be used in an iterative fashion to shape and
improve and refine operational adaptive management of risks (e.g.,
Antwi et al.,, 2023).

3.2 Review of literature to inform qualitative
BRAT analysis

As a first step, we performed a literature review of published
research on various risk assessment processes and the known
impacts of mining and industrial exploratory operations on
peatlands in northern regions, primarily in northern Alberta,
Canada. Data and information from these sources were extracted
to establish a baseline for the assessment (Supplementary Table S1)
The research process drew support from previous study results and
the expertise of co-authors, collaborators, and other subject matter
experts to inform the current study. Results from these studies
contributed to identifying impacts, their related consequences, and
the various preventive and mitigation strategies that can stop or
control the identified impacts. The BRAT framework is used here as
a first line consensus building tool to identify, organize and connect
their
brainstorming session in November 2020 and January 2021 with

potential theatres and predicted consequences. A
relevant experts was conducted to solicit information on the best
possible ways to use the BRAT in the study. Additionally, this
session was used to evaluate and validate the identified risks.

In summary, this review is a synthesis of multiple sources used to
guide framework development instead of a pre-existing top-level
policy document. As such, we do not include quantification of risks.
Rather, it is a qualitative process of consulting literature and experts
that formed this consensus BRAT framework. However, we quantify
potential peatland destruction due to construction of linear
infrastructure necessary for the RoF mining development, to

show the significance of the identified hazard in our BRAT diagram.

3.3 Quantitative assessment of BRAT
top event

As 0f 2025, the area covered by mining claims in the RoF region
was estimated at 8,500 km?> (Canadian Mining Journal Staff, 2025).
Considering that peatlands cover ~90% of the HBL region, we can
estimate that ~7,650 km? of peatlands could be disturbed by direct
mining activities. In addition, supporting linear infrastructure such
as the major proposed roads linking the RoF region with the south of
the province of Ontario would further add to the area of peatlands
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affected by mining development. Jointly, the total length of these
major proposed roads would be an estimated ~500 km in length,
with an average road width of 60 m, constructed in a 100 m right-of-
way clearance, which would presumably include the drainage
ditches. Verkaik et al. (2025) state that the area directly
influenced by the ditches is ~30 m, which, with the ditch on
each side of the road, would add 60 m of area directly influenced
by the road presence. The resulting total width of the linear
disturbance would be 160 m. With 500 km in length and 160 m
in width, the total area directly impacted by the major roads would
be ~80 km’. As 90% the region is covered by peatlands, we can
roughly estimate that ~72 km? of these peatlands would be directly
affected due to major road network construction. Overall, an
estimated 7,722 km? of peatlands in the RoF region and the area
south of it where the roads are to be constructed could be destructed
or otherwise affected by the RoF mining development.

4 Results
4.1 Environmental risk analysis outcome

Using the BRAT analysis, the study identified two main threats,
and six distinct corresponding consequences related to the potential
direct disturbance of 7,722 km* of Hudson Bay Lowland peatlands
due to mining activity and supporting linear infrastructure in the
RoF region, along with recommended preventive and mitigation
strategies. The first threat (T1) was identified as: drainage and
conversion of peatlands for infrastructure development and
mining activity. This would lead to habitat fragmentation,
including a direct loss of habitat for endangered species and loss
of biodiversity [first consequence (Cl.1)]; and, increased wildfire
risk, resulting in increased greenhouse gas (GHG) emissions and
loss of carbon sinks [second consequence (C1.2)]. Furthermore, the
BRAT analysis identified the second threat (T2) as: linear
infrastructure to support mine development and activity. The
resulting consequences of T2 included: edge effects due to habitat
fragmentation [third consequence (C2.1)]; the introduction and
spread of exotic/invasive species into peatlands, leading to a
decline in native biodiversity [fourth consequence (C2.2)];
hydrological shifts (e.g., flooding, drought) causing tree die back,
changes in vegetation composition, altered successional pathways,
and increased methane emissions [fifth consequence (C2.3)]; and,
permafrost degradation resulting in vegetation composition changes
and tree die back [sixth consequence (C2.4)]. It is important to note
that the drainage and conversion of peatlands (T1) are generally
considered as prerequisites for constructing linear (and other)
infrastructure (T2). However, here we treat them as two separate
threats, based on their individual impacts and consequences on
peatlands. The threats, consequences, prevention measures, and
mitigation strategies are visually summarized in Figure 3, using a
BRAT diagram.

To prevent the impending threats, our analyses suggested the
following preventative measures, identified as P1 for the first threat
and P2 for the second threat. For T1 and its consequences:
establishing protected areas and conservation reserves (P1.1); and
implementing and enforcing wildfire prevention and management
measures (P.1.2), corresponding respectively to C1.1., and C1.2. For
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The Bowtie Risk Assessment Tool diagram summarizing the identified threats associated with the linear infrastructure development in the Ring of
Fire region (Northern Ontario, Canda), as well as their potential consequences and corresponding preventative measures and mitigating factors.

T2 and its consequences: clustering infrastructure together (P2.1);
avoiding exotic species introductions (P2.2); avoiding peatlands in
road network design (P2.3a, P2.4a); building roads parallel to water
flow (P2.3b, P2.4); and, opting for alternative and optimal road
(P2.3¢c, P240),
corresponding respectively to C2.1., C2.2, C2.3, and C2.4. Note

construction and maintenance methods
that certain consequences had more than one preventative measure
identified, designated here by letters a-c, and some preventative
measures corresponded to more than one consequence (Figure 3).

The BRAT analysis proposes a combination of legislative and
practical resource management actions to mitigate the consequences
of the threats when total prevention is unfeasible. Corresponding
respectively to T1 and its consequences, these included: enforcement
of the Species at Risk Act (Ml.1a); monitoring populations of
endangered species (M1.1b); land reclamation and restoration,
including that of decommissioned roads (Ml.1c); efficient
wildfire management and response (M1.2). Corresponding
these

minimizing road length and width (M2.1); control and removal

respectively to T2 and its consequences, included:
of invasive and exotic species (M2.2); choosing terrain less likely to
be negatively affected by infrastructure development (M2.3a); road
maintenance, including snow removal or maintaining snow to
albedo (M2.4a);
numerous culverts (M2.3b, M2.4b); and selecting appropriate

reduce construction and maintenance of
road construction materials, including recycled materials that are
considered byproducts or a waste from other industrial activities,
and constructing roads during winter (M2.3¢, M2.4c). Similarly to
preventative measures, some consequences had more than one
mitigating measure identified, designated by letters a-c, and some
mitigating measures  corresponded to more than one
consequence (Figure 3).

It should be recognized here that various factors can facilitate or
constrain the implementation of preventive and mitigation

strategies. For instance, the recommendation to construct roads
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that float on peatland and to use of synthetic materials such as
geogrid may be limited by the higher construction costs compared to
conventional road construction methods. The process of land
reclamation and restoration, including restoring decommissioned
roads, is at once expensive, labour-intensive, and time-consuming. It
also often requires passage of time to evaluate its effectiveness or
success (e.g., recovery of tree canopy in a treed peatland).
Furthermore, efforts to control invasive and exotic species,
whether  through may
inadvertently have deleterious effects on some native species. The

chemical or mechanical means,
construction of numerous culverts can lead to debris blockage and

increased beaver activity. The recommendation to source
construction materials from potentially geographically distant
locations to preserve local environment is likely to be logistically
inefficient and expensive to implement. Conversely, one enabling
factor identified for managing wildfire and responding to crises is
training local community members with the necessary skills for
identifying threats and implementing required actions, which
requires both, interest, engagement and reciprocal collaboration
of local communities with the developer. Regardless of the
identified constraints, it is crucial that the sustainability of the
peatland remains the highest

priority in the resource

extraction process.

5 Discussion

5.1 Potential impacts of peatland drainage
and conversion for mining infrastructure
development in the Ring of Fire region

In infrastructure construction that takes place in lowlands such

as peatlands, land conversion often occurs before the initiation of the
construction, directly affecting the peatland ecosystem and its
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surrounding environment. Here, we discuss two main consequences
of such land conversion i.e., peatland drainage (with associated
changes to local hydrology) resulting in habitat fragmentation and
destruction (C1.1); and an increased risk of wildfires (C1.2). Habitat
fragmentation and destruction results directly in habitat loss for
numerous boreal species dependent on peatlands, including certain
species at risk, such as federally listed threatened boreal woodland
caribou (Rangifer tarandus caribou). Increased risk of wildfires may
contribute to permafrost degradation, greater greenhouse gas
emissions and even conversion of peatland from carbon sink to
carbon source due to loss of carbon stores. These two consequences
would directly impact the sustainability of peatlands and the native
biodiversity of the RoF region.

The RoF is primarily located in the Missasa caribou range,
with a short segment of the road extending into the Nipigon and
Pagwachun caribou ranges (Dyson et al,, 2022). The Missasa
range would be particularly impacted by road construction since
it has only been exposed to relatively low levels of anthropogenic
presence (e.g., small communities, exploration camps, local
winter roads, and the no longer active Victor Diamond Mine
as probably the largest disturbance that the region has
2022).

draining

experienced) (Dyson et al, Constructing mine

infrastructure will necessitate and essentially
removing peatlands for each proposed mine that is within
what is currently a peatland, cumulating the total land
conversion and habitat loss (C1.1). While much of it may
remain unexploited, the total area covered by mining claims,
as of now, is approximately 8,500 km’ representing a 67%
increase in mining claim area since 2022 (Canadian Mining
Journal Staff, 2025) (Figure 2), even as a single mine may only
cover 1 km? (WSP, 2019). This represents direct habitat loss and
habitat fragmentation for numerous species, including species at
risk, such as woodland caribou, particularly within the Mississa
range (Thomas and Gray, 2002).

Linear infrastructure in boreal ecosystems is known to
contribute to functional habitat loss for woodland caribou by
altering predator-prey dynamics. Specifically, predators such as
wolves (Canis lupus) and black bears (Ursus americanus), which
have been observed to have improved mobility and efficiency when
travelling on linear features (e.g., seismic lines, pipelines, roads, etc.),
will select them as movement corridors between uplands and
peatlands (DeMars and Boutin, 2018; Dickie et al,, 2020). This
increases the risk of incidental predation of caribou in peatlands that
would otherwise serve as prey refugia (Tigner et al., 2014; Dickie
et al,, 2017; DeMars and Boutin, 2018). Dyer et al. (2001) estimated
that woodland caribou will avoid up to 22%-48% of their habitat in
the presence of linear and other industrial infrastructure, indicating
that the area of habitat functionally lost far exceeds the physical
footprint of the actual industrial disturbances. Overall, this results in
the displacement and concentration of woodland caribou into less
preferred habitat (Dyer et al., 2001; Latham et al., 2011). Avoidance
behaviour becomes less effective in peatlands with a high density of
linear infrastructure, further increasing the risk of encountering
predators (McKenzie et al, 2012; DeMars and Boutin, 2018).
Additionally,

complexes form a physical barrier or obstacle to caribou

permanent roads surrounded by peatland

movement (also potentially increasing chances of mortality by
motor vehicle collisions) and increase unfavourable upland
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habitat along their edges, further contributing to habitat loss and
fragmentation (Dyer et al., 2002).

Establishing protected areas in the RoF region is an effective
strategy for preserving peatlands and directly preventing habitat loss
and fragmentation for species at risk (Carlson et al., 2015) (PL.1).
Furthermore, provisions in the Species at Risk Act (Government of
Canada, 2002) (M1.1a), such as those that protect critical habitat for
woodland caribou and enforce monitoring of populations (Thomas
and Gray, 2002) (M1.1), would mitigate the impacts of habitat loss,
even though enforcement has faced some criticism (Nagy-Reis et al.,
2021; Turcotte et al., 2021). Nagy-Reis et al. (2021) found that
woodland caribou habitat is being lost faster than natural or
facilitated regeneration can occur, despite legislative protections
like the Species at Risk Act (Ml.la) being in place. This
highlights the need to enforce existing protections (M1.1a) and
prioritize habitat conservation (P1.1) over restoration programs
(Ml.1¢) in woodland caribou ranges to successfully achieve
federal recovery objectives. Additionally, due to the selection of
linear infrastructure by predators and their ability to detect prey,
linear disturbances in peatland complexes within the caribou range
must remain minimal to provide suitable refugia from predation
(DeMars and Boutin, 2018). Therefore, establishing adequate
protected areas for conservation (P1.1) in woodland caribou
range in the HBL is a key to preventing fragmentation and
habitat loss.

When options for adequate establishment of protected areas are
limited or unfeasible, minimizing the size of disturbance can
(M2.1). For
example, in boreal peatlands, Filicetti et al. (2023) observed faster

promote post-disturbance natural regeneration

tree recovery on narrow low impact seismic lines (~3 m wide
compared to conventional seismic lines that are ~8 m wide),
while Dabros and amd Higgins (2023) observed almost 100%
return of bryophytes over 8 years since construction of low
impact seismic lines in boreal uplands. The capacity for natural
regeneration needs to be assessed upon decommission of the site. If
needed, active restoration (including recovery of tree canopy) could
be implemented (Ml.1c). Campbell and Bergeron (2012), who
compared natural recovery on winter roads of various times
since abandonment in Hudson Bay Lowlands, observed that
although the cover of lichens, bryophytes, and vascular plants
returned within 5 years to similar levels as in undisturbed
peatlands, species richness remained lower and species
composition was different than in the undisturbed adjacent
peatlands. Recovery of black spruce (Picea mariana) was also
limited. Conversely, Filicetti et al. (2019), who monitored the
effectiveness of the restoration practices that involved mounding,
ripping and tree planting on seismic lines in peatlands of Alberta,
reported that after ~3.5 years treated sites consistently had a higher
tree seedling density and appeared to be on the right trajectory
towards recovery.

Consideration has also been given to passive (as opposed to
active) restoration of peatlands, potentially by wildfire, as it has been
theorized that stand-replacing wildfire could erase the impacts of
human disturbances (Pinzon et al., 2021). However, wildfire does
not seem to restore or mitigate the industrial footprint in peatlands
where legacy effects are evident, with linear disturbances involving
tree removal such as seismic lines persisting due to altered
environmental and structural conditions both before and after
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the fire (Riva et al., 2020; Barber et al., 2021; Pinzon et al., 2021). For
example, Pinzon et al. (2021) found that seismic lines in boreal fens
were much wetter than the surrounding treed fens, and,
consequently, the lines did not burn while the adjacent treed fens
did. Furthermore, with current fire return interval for the HBL
region estimated to be between 400 and 900 years (Davies et al.,
2023), reliance on wildfire as a passive restoration tool would be
inefficient and impractical from the management perspective.
Nevertheless, drainage and desiccation of peatlands caused by
the construction of mining infrastructure, including linear projects,
may render the disrupted peatlands more vulnerable to wildfires,
which can burn with greater severity, frequency, and for extended
periods (Turetsky et al., 2011; Granath et al., 2016; Wilkinson et al.,
2018) (Cl.2). That in turn, can lead to changes in species
communities, and significant losses in carbon stock (Kettridge
et al., 2015). Harris et al. (2022) stated that ~2,127 km® peatland
area covered by mining claims in the RoF region would lead to an
estimated loss of ~130 and 250 Mt peat carbon. Following these
estimates, we could predict that 7,722 km® of peatland destruction
estimated by us in the RoF region could result in up to ~470-908 Mt
of peat carbon potentially impacted due to mining activity and
construction of supporting linear infrastructure. Depending on the
type of mining activity (exploration, excavation, infrastructure
construction, waste disposal) and the construction methods,
some of that peat carbon could be irreversibly lost from this
could
exacerbate these loses. For example, Turetsky et al. (2011) noted

area. Drainage and potential increase in wildfires
that carbon released by fires in drained fens was nine times greater
than that from fires in pristine peatlands, as ground fuels burned at
greater depths. Additionally, drainage increases the availability of
ground fuels, as dry, exposed Sphagnum hummocks are more
flammable and likely to spread and sustain wildfires compared to
saturated Sphagnum expanses (Sherwood et al, 2013). Drainage,
both individually and cumulatively with wildfire, can trigger
shrubification, leading to a transition from Sphagnum-dominated
peatlands to drier shrub-grass ecosystems susceptible to frequent
wildfires and peat smoldering, consequently resulting in substantial
carbon store losses (Kettridge et al., 2015).

Linear infrastructure has the potential to influence wildfire risk
in peatlands by creating unique conditions that alter wildfire
behaviour, including changes to fuel composition and
environmental and structural conditions that may promote
wildfire spread. For example, Weiland et al. (2023) found that
linear disturbances create a distinct set of environmental
conditions that interact with one another and can enhance
wildfire potential, such as increased wind speed and direction,
and increased soil and air temperatures. Beyond the impacts of
changing fire regimes, the interaction between wildfire and linear
infrastructure has compounding effects in peatlands, affecting post-
fire recovery and altering species assemblages, and ecosystem
resilience and functions, including carbon sink capacity and
greenhouse gas emissions (Deane et al, 2020; Filicetti and
Nielsen, 2020; Riva et al., 2020; Barber et al., 2021; Enayetullah
et al., 2023).

Given the predicted changes to the fire regime and plans for
extensive industrial development, it is possible that carbon losses
from drained peatlands in RoF would exceed carbon intake in the

future, and these peatlands would become a source of greenhouse
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gases (Turetsky et al, 2011; Wilkinson et al., 2020). Industrial
development would also inevitably lead to increased human
presence and activity, heightening the risk and potential for
(Balch et al, 2017;
Gramdstrom, 2023). Overall, the increase in carbon release

human-caused fires Sjostrom  and
during wildfires in drained peatlands is exacerbated by predicted
increases in fire severity and frequency due to more persistent
drought events resulting from the global climate change crisis
(Bergeron et al., 2004; Turetsky et al., 2011; Flannigan et al., 2013).
Measures should be implemented to prevent fire ignitions, such
as restricting the operation of equipment based on fire risk assessed
by tools like the daily national preparedness level (NPL) from the
Canadian Interagency Forest Fire Centre (CIFFC) when the wildfire
risk is elevated (P1.2) (Tymstra et al, 2020), given that
approximately half of wildfires in Canada are human-caused
(Natural Resources Canada, 2023) and more ignitions occur near
roads and populated areas (Gralewicz et al., 2012; Sjostrom and
Gramdstrom, 2023). Furthermore, building capacity for a rapid
initial fire response is often regarded as essential for reducing
wildfire severity (Tymstra et al, 2020) (MIL.2). Modelling by
Granath et al. (2016) has demonstrated that rewetting drained
peatlands and restoring the Sphagnum moss layer effectively
mitigates the increased fire risk associated with peatland drainage
for mining extraction (M1.2). Finally, the measures of establishing
protected areas would not only preserve and maintain the habitat of
native species, but without direct and intentional land conversion
involving peatland drainage, they might also inhibit creation of
conditions that are prone to wildfires in the first place.

5.2 Potential impacts of linear infrastructure
construction for mine development on
peatlands in the Ring of Fire region

The impacts of linear transportation infrastructure (e.g., roads)
and other linear feature (e.g., transmission lines) construction in the
RoF region (T2) are expected to be particularly significant given that
they will occur in a largely intact and pristine landscape. While the
proposed roads in northern Ontario would only add approximately
500 km to the existing 217,000 km of roads across the boreal forest in
Canada (Pasher et al., 2013), their ecological impacts could be of
substantial magnitude in a region that is largely roadless and
dominated by peatlands (Poley et al, 2022). Building upon
peatlands partially underlain by permafrost would also present
engineering challenges. Given the saturated nature of the soil and
the weakness of peat as a foundation (Olszewska, 2018), additional
materials or tailored construction methods would be necessary
(Munro and MacCulloch, 2006), especially as the roads are
to be Road
construction would not only be difficult and costly but also

expected frequented by heavy equipment.
damaging to the adjacent peatland ecosystems, introducing edge
effects in fragmented habitats (C2.1); spreading invasive and exotic
species that threaten native biodiversity (C2.2); altering peatland
ecological function by modifying local hydrology and climate
mitigation potential, vegetation composition, and successional
trajectories (C2.3); and degrading permafrost, which will also
influence vegetation communities, wildfire probability, and
hydrological regimes (C2.4).
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Linear disturbances, such as roads, create edges, which may alter
environmental conditions near these disturbance boundaries,
leading to edge effects and changes in ecosystem function (C2.1).
Depending on the species’ requirements and adaptations, these edge
effects may favour certain species while being detrimental to others
in peatlands. Watts and Kobziar (2015) studied edge effects in
wetland forests dominated by pond cypress (Taxodium distichum
var. imbricariumand) and found that temperature and vapour
pressure deficits decreased with distance from the edge, while
relative humidity increased. Changes like these can diminish the
presence of poikilothermic species, ultimately affecting biodiversity.
Indeed, numerous studies have shown that edge effects negatively
impact multiple amphibian species (deMaynadier and Hunter, 1998;
Gibbs, 1998; Mazerolle, 2003), birds (Delage et al., 2000), and some
plant species (Poulin et al., 1999; Dabros et al., 2017) in forests and
bogs. Conversely, enhanced growth of grasses (e.g, Molinia
caerulea) and heather (e.g., Calluna vulgaris) has been observed
up to 200 m away from roads due to increased nitrogen inputs from
vehicular exhaust, while lichens were less abundant near roads
(Angold, 1997). Changes in environmental conditions and plant
species composition and abundance due to edge effects can disrupt
habitats for other native organisms and lead to overall decreases in
native biodiversity (Bender et al., 1998).

Given that constructing linear infrastructure would inevitably
lead to habitat fragmentation and edge effects, it is important to
optimize infrastructure development by clustering infrastructure as
closely as possible to main access routes to reduce the total area at
the landscape level affected by edge effects (P2.1) while minimizing
the length and width of roads, airstrips, and railways (M2.1). The
regulatory approval process for specific infrastructure permits
should consider the proximity of proposed mining sites to
existing infrastructure, in addition to the size of the specific
mine, since a few highly productive sites that are widely
distributed can have a greater footprint than several less
productive sites clustered together for the same economic output
(Jordaan et al., 2009).

Minimizing the total area directly affected by road presence
would also reduce the chances and potential for spread of exotic
species into natural landscapes through road pathways, which is a
common phenomenon, with most research concentrated on
vegetation spread and invasion (Mortensen et al, 2009) (C2.2).
The invasion of non-native plants often results from vehicles
inadvertently transporting non-native seeds into natural areas
and from land clearing during road construction (Tyser and
Worley, 1992; Parendes and Jones, 2000; Gelbard and Belnap,
2003). Exotic species can be detrimental to ecosystem function as
they compete with native species and may disrupt natural
succession, as well as contribute to altering nutrient cycles
2012).  While
inhospitable to the establishment of exotic species—due, for

(Sanderson et al, peatlands are generally
example, to the acidic, low-nutrient, and waterlogged growing
conditions in bogs—some exotic species do manage to establish
themselves in disturbed peatlands (Sanderson et al., 2012). For
instance, the South American bryophyte Campylopus introflexus
has been documented in peatlands across Europe and western North
America, outcompeting native bryophytes and lichens (Carter,
2014), while the exotic vascular plant Lythrum salicaria has been
in disturbed

recorded with five times higher abundance

Frontiers in Environmental Science

11

10.3389/fenvs.2025.1676633

transmission line corridors compared to undisturbed fens (Dubé
et al,, 2011).

Native invasive non-peatland species can also spread and rapidly
invade peatlands when the canopy is removed or when anthropogenic
infrastructure modifies the drainage (Dubé et al., 2011). Perennials with
traits such as rapid rhizomatous growth and wind-dispersed seeds
promote spread and colonization of species in disturbed areas, with
corridors such as roads facilitating invasion. Species possessing these
traits, such as grass Calamagrostis canadensis found in wetlands across
Canada, is known to be highly invasive and problematic in post-
disturbance areas, e.g., following harvesting, especially in western
boreal ecosystems (Macy and Winder, 2011). While species native to
the region may appear less problematic than exotic species, if they have
a broad niche, they can become invasive even under suboptimal (for
them) conditions, and their impact on ecosystem function and
resilience can be just as detrimental (Dubé et al, 2011). Species
from the genus Typha (including native T. latifolia, as well as the
exotic T. angustifolia and its hybrid T. x glauca) have been found to
invade wetlands, including fens, due to their rapid growth rate and
adaptability, forming dense mono-specific colonies that negatively
impact native wetland flora and fauna (Bansal et al,, 2019; Graham
et al.,, 2022; Meeker et al., 2023). Elsewhere, Dubé et al. (2011) found the
spread of invasive species into peatlands extended much further into
fens than bogs from the edge of the power line disturbance, indicating
that fens are more hospitable and therefore more prone to invasives
than bogs (Dubé et al., 2011), potentially due to the more acidic and
often nutrient-poor conditions found in bogs. As such, fens might be
more vulnerable to exotic species invasion and consequential loss of
native biodiversity following linear disturbances.

Avoiding unintentional introductions is crucial to prevention of
the spread of exotic and invasive species, as eradication is most likely
successful before these species become well-established and
abundant in their newly invaded ecosystem (Puth and Post,
2005) (P2.2). This can be achieved through measures like
requiring wash stations at key road junctions (Bajwa et al., 2018)
and implementing targeted surveillance, including the removal of
invasive species around gaps created by roads in natural barriers, to
reduce spread when populations are still localized (Hulme, 2009;
Rejmének and Pitcairn, 2002) (M2.2).

While exotic and invasive species are examples of biotic factors that
can alter plant species composition and successional trajectories of their
host ecosystems, alterations of abiotic conditions, including those
caused by anthropogenic disturbances such as linear infrastructure
construction, are just as likely to affect plant assemblages and ecosystem
functioning. Development of roads in the RoF region will inevitably
encounter deeper water bodies and wet peatland terrain, necessitating
engineered water crossings (SNC-Lavalin, 2020). Similar to beavers,
which are known for building dams that flood and drain water systems
to suit their needs (Woo and Waddington, 1990), roads function as
solid barriers that can obstruct both surface and subsurface water flow
across them, thereby altering drainage patterns and water table levels
(Chimner et al., 2017; Plach et al., 2017; Saraswati et al., 2020a) (C2.3).

Ecological succession may be hindered (Bocking et al., 2017; Dabros
et al,, 2022b), and vegetation communities can be altered (Williams-
Mounsey et al., 2021) due to changes in water table depth. The water
table on the upstream side of roads can rise, resulting in higher soil
moisture levels (Chimner et al., 2017; Plach et al., 2017; Elmes et al.,
2021) and oversaturated soils that are not conducive to tree growth. For
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example, tree mortality was observed up to 220 m up-gradient from
roads which lowered species richness and reduced canopy cover in
peatlands of Alberta (Bocking et al., 2017; Willier, 2017).

Changes in species community composition along linear
disturbances may lead to changes in functional diversity (Dabros
et al, 2022b; Goud et al., 2024), which can affect ecosystem function
(e.g, carbon net balance, Davidson et al, 2021), reduce forage
availability and habitat quality for wildlife (Finnegan et al, 2019;
Dabros et al, 2022a), influence regeneration and successional
trajectories (Dabros et al, 2022b), and lead to overall biodiversity
loss (Echiverri et al., 2023). Biodiversity loss resulting from changing
species assemblages likely has cascading effects across taxa as native
species that are unique to specific peatland habitats are replaced with
generalist or non-target species (Echiverri et al,, 2023). For example,
lichen cover on seismic lines and near their edges in peatlands was
significantly reduced to nearly absent compared to nearby undisturbed
areas, which may imply a reduction in habitat quality for woodland
caribou (Dabros et al., 2022a; Goud et al., 2024).

Broadly speaking, shifts in species composition resulting from
changes in environmental conditions caused by development such
as road construction will be beneficial to some native species and
deleterious to others, overall affecting local biodiversity. Increased
competitive advantage of some native species may lead to increase in
their dominance, potentially inhibiting other species from
regenerating. For example, earlier mentioned C. canadensis is
known to aggressively spread in clearings following disturbance
and inhibit regeneration of tree species such as Picea glauca (Macey
and Winder, 2001), while ericaceous shrubs growing abundantly on
seismic lines in bogs are likely inhibiting regeneration of P. mariana
(Dabros et al., 2022a).

Furthermore, changes in plant species composition due to linear
feature construction and presence can depend on peatland type. For
instance, species richness increased on the upstream side of roads in
bogs, while it decreased on the upstream side in fens (Willier, 2017).
Conversely, a lowered water table on the downstream side of roads may
provide more suitable substrates for tree growth, which could lead to the
establishment of species that might not otherwise survive, including tree
species typically absent from peatlands (Turetsky et al, 2011; Elmes
et al, 2021; Willier et al, 2022). The extent of the impact of roads on
vegetation communities depends on the substrate underlying the peat,
with areas containing low sand content relative to clay exhibiting
smaller shifts in vegetation than areas with higher sand content
(Willier et al.,, 2022). Therefore, while a shift in species composition
is anticipated after road construction in the peatlands of the RoF region
due to changes in drainage and water levels, the degree to which roads
affect vegetation communities may depend on the specific peatland type
and the substrate.

Just like the spread of invasive species, which is more extensive in
fens than bogs, overall shifts in species assemblages along linear
infrastructure appear to be more pronounced in fens than bogs
(Ficken et al,, 2019; Goud et al,, 2024), suggesting the importance of
discriminant construction of industrial infrastructure across ecosystem
types to avoid fragile peatlands. However, it was also observed that
resource access road disturbed the surface and subsurface water flow at
the bog, but not the fen in boreal forested peatland of Alberta, which was
attributed to road orientation that was nearly parallel to the flow direction
in the fen, but not in the bog (Saraswati et al., 2020b). This indicates that
planning of linear infrastructure development must consider a multitude
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of interacting biotic and abiotic factors, increasing the complexity of
prevention or mitigation of undesired environmental consequences, such
as profound changes in plant species composition.

Cumulative effects of human development have regional-scale
impacts on lowland plant community composition, even when
development is localized or low in proportion to the undeveloped
area in the region (Ficken et al., 2019). As vegetation distribution in
peatlands is driven largely by the moisture gradient (Graham et al.,
2016), altered hydrology resulting from linear infrastructure
construction will cause changes to species communities in the
HBL peatlands. It is well documented that vegetation (Davidson
et al., 2020; Davidson et al., 2021; Dabros et al., 2022a; Dabros et al.,
2022b) and arthropod species assemblages (Wu and Pinzon, 2022)
that occur and persist over time along linear disturbances such as
seismic lines differ from those in the interior undisturbed peatland,
including after restoration efforts which have been observed to shift
communities even farther from their reference peatland targets, at
least in the short term (Echiverri et al.,, 2023; Goud et al., 2024).

In addition to changes in vegetation communities, methane
(CH,) emissions—an important greenhouse gas with a global
warming potential approximately 28 times greater than CO,, can
also change with fluctuations in the water table and changes in flow
patterns (Saraswati and Strack, 2019). Saraswati and Strack (2019)
found that methane emissions were up to an order of magnitude
higher in areas disturbed by roads compared to reference conditions
in a boreal bog in northern Alberta. Similarly, CO, sequestration has
been shown to be lower in a poor fen on the downstream side of
roads relative to the upstream side (Plach et al., 2017).

Hydrological connectivity can be maintained despite the
construction of linear infrastructure in various ways. While the
most straightforward solution is to design the road network to avoid
peatlands by routing around them (Munro, 2004; Elmes et al., 2021),
the ubiquity of peatlands in the RoF region makes this strategy
unfeasible in many sections of the road network (P2.3a). Since
complete avoidance of peatlands is unlikely in a region dominated
by them, challenges and the associated level of ecosystem disruption
can be mitigated by considering terrain type when planning road
construction (M2.3a). If mineral soils, which are prevalent in upland
conditions and more favourable for road construction, are absent,
and a route must be constructed through organic soils (found in
peatlands), bogs are preferred over any type of fen, as bogs typically
have a deeper water table and fewer open water areas (SNC-Lavalin,
2020). Moreover, treed bogs, likely to possess a thinner organic layer
with better drainage and roots anchored in mineral soils, would be
more suitable for road construction than open bogs, despite the
necessity of removing trees to create a road (SNC-Lavalin, 2020).

When the road surface materials obstruct water flow, building roads
parallel to hydrological flow mitigates impacts on vegetation and
methane emissions (P2.3b). Roads constructed parallel to the
hydraulic gradient did not have a significant effect on the levels of
methane emissions from adjacent peatlands, unlike roads built
perpendicular to the hydraulic gradient (Saraswati et al, 2020a;
Saraswati et al., 2020b). In the RoF region, overall drainage trends
from south to north, following the orientation of glaciated landforms
and ultimately draining into Hudson Bay (Riley, 2011), and most of the
proposed road network generally runs in the S-N orientation.

Installing culverts maintains hydrological connectivity between
either side of the road when the roads intersect the hydrological flow
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(Partington et al., 2016) (M2.3b). Saraswati and Strack (2019) found
that methane emissions and hydrological effects were higher 20 m
from culverts compared to locations within 2 m of them in boreal
peatlands of Alberta. When few culverts are installed, they must be
sufficiently wide and regularly monitored and maintained to prevent
a buildup of sediment, materials, and beaver structures, thus
minimizing flooding hazards and ensuring effective flow across
them (Bocking et al., 2017) (M2.3b).

Allowing flow beneath the entire length of the road can be achieved
by constructing roads that “float” on top of the peat by layering
geosynthetic materials like Geogrid between the road and the peat
layers (Forestry Civil Engineering, 2010; SNC-Lavalin, 2020) (P2.3c).
The feasibility of this technique depends on several factors, including
vehicle traffic (frequency and weight carried)
Engineering, 2010). If geosynthetic materials are not available, soil

(Forestry  Civil

stabilization must be implemented. Conventionally used materials in
soil stabilization needed for road construction include cement
manufactured from crushed limestone, sand and clay, which for
logistical reasons are likely to be sourced from the closest location to
the construction zone, potentially leading to additional resource
extraction and environmental disturbance. However, road
construction material could consist of alternative materials such as
byproducts from other industrial activities in other regions that
otherwise would be considered a waste. Such an approach would not
only save local natural resources mitigating additional cumulative
disturbance, but it would also allow for recycling and reduction of
pollution elsewhere (Vincevica-Gaile et al., 2021) (M2.3c). Examples of
such alternative products include ashes from various industrial
productions and manufacturing such as agriculture or energy
production or even municipal waste, used in place of cement and
lime in order to stabilize compressible peatland soils (Vincevica-Gaile
etal,, 2021). Finally, even timing of the road construction could mitigate
the negative impact on peatlands, with winter generally being considered
as the optimal time, since the frozen ground reduces damage and
compression of peat by heavy machinery (Dabros et al., 2018) (M2.3c).

Even with the preventative and mitigative measures taken to
reduce the negative consequences of altered hydrological regimes,
the construction of linear infrastructure is likely to cause permafrost
degradation. This results from the vegetation removal, soil
compaction, and alterations to ground surface properties (Jin
et al,, 2006; Dabros et al., 2018) (C2.4). The RoF is in a region
with an estimated permafrost cover of approximately 20%,
extending as far south as 30 km from MFFN along the proposed
Northern Link Road (Gruber, 2012). Permafrost is especially
susceptible to disturbance at its southern boundary, where
elevated soil temperatures reduce its thermal stability (Qingbai
et al., 2002), further exacerbated by global warming, making the
effects on permafrost crucial to assess.

The construction of roads in the RoF is likely to cause
permafrost degradation given the low thermal stability of
permafrost at its southern limit, leading to engineering challenges
in maintaining road infrastructure, ecological impacts on the
surrounding landscape, and globally with the release of carbon as
permafrost thaws. The typical mineral material (e.g., sand and
gravel) used for road and other infrastructure construction has a
lower albedo than peat, increasing radiative heat transfer to the
ground and resulting in permafrost thaw (Qingbai et al., 2002;
Kondratiev, 2017).
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Tree cover and thick bryophyte or lichen mats function to
insulate the ground layer, decreasing thaw depths (Camill, 2000;
Gornall et al., 2007; Higgins and Garon-Labrecque, 2018), while the
removal of the tree canopy was observed to cause permafrost
degradation (Williams et al, 2013). Peat insulates the ground
beneath it, protecting permafrost from warm temperatures and
retaining precipitation at the upper soil surface that would
otherwise initiate thawing (Riley, 2011). Permafrost thaw has
been observed to be substantially increased along linear
disturbances, increasing soil moisture, altering drainage patterns,
reducing peatland water storage capacity, and modifying the
direction of natural hydrological flow, all of which contribute to
the inability of permafrost to regenerate (Quinton et al., 2009;
Williams et al., 2013; Braverman and Quinton, 2016). Permafrost
thaw alters the physical structure and plant community composition
of peatlands, where thawed areas may subside or collapse
(thermokarst formation), leading to a land cover transition from
treed permafrost peat plateaus to graminoid fens (Emers et al., 1995;
Dyke and Sladen, 2010).

Human-induced permafrost thaw can create a positive feedback
effect by increasing thaw depth and facilitating movement in the
talik layer, which flows year-round and connects permafrost with
permafrost-free peatlands, perpetuating further melt (Braverman
and Quinton, 2016). Additionally, increased methane emissions
(Bubier et al., 1995) and substantial deep peat carbon stock losses
occur after permafrost melt in peatlands within the discontinuous
zone, contributing to climate warming and reinforcing the positive
feedback (Turetsky et al., 2002; Harris et al., 2023). Cumulatively,
these climate warming effects and the development of linear
infrastructure exacerbate positive feedback and further accelerate
permafrost thaw (Turetsky et al., 2002; Quinton et al., 2009; Dyke
and Sladen, 2010; Braverman and Quinton, 2016).

Avoiding peatlands and building roads in uplands where possible
(P2.4a) would be the first step in preventing and mitigating permafrost
disturbance due to linear feature construction. Providing appropriate
road maintenance, including maintaining snow cover for a longer time
to reduce albedo in the early spring (M2.4a) could also mitigate
permafrost thaw through reducing the impact of thermal radiation
on the roads (Chen et al.,, 2020; Williams et al., 2013). Furthermore,
constructing roads parallel to hydraulic gradients and water flow
(P2.4b), and constructing culverts that are frequently maintained
(M2.4b), could further reduce permafrost thaw rates. Other
examples of optimizing road construction to avoid soil and
permafrost damage (P2.4c) would be to construct it during winter
to reduce the initial impact of heavy equipment causing soil
compression and reduction of depth to water table and depth of the
active layer (M2.4c).

5.3 Conclusion

RoF development is planned for one of the most remote and
pristine northern communities in one of the biggest peatland
complexes globally. Although the actual mining development
may not be large area-wise, the infrastructure needed for its
development can have a profound and potentially irreversible
impact on peatlands-a sensitive, fragile and unique ecosystem,
which provides crucial ecosystem services, particularly in terms
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of carbon storage and climate regulation. As such, assessment of
potential environmental impacts is pertinent to elimination or at
least reduction of the negative environmental impacts. Here, we used
BRAT methodology to build a risk analysis framework that
synthesizes the opinion of consulted expertise to identify
threats
development in peatlands of RoF region, followed by evaluation

potential and consequences of the linear feature
of preventative and mitigation measures. This is the first step of
analysis, focusing on the ecological impacts of peatland drainage and
linear infrastructure construction. A more fulsome set of qualitative
and quantitative risk analyses will be required at longer-term,
including analyses of socioeconomic top events. These will
include information contributed by First Nations and other
stakeholders, allowing the formation of a comprehensive picture
of the risks and impacts of the planned mining development in the
RoF region.

Linear disturbances, including roads and corridors required for
transmission lines, will lead to habitat fragmentation and, depending
on the construction approach, may result in direct disruption of
peatlands, for example through removal of tree cover and drainage,
which will lead to changes in plant community composition. While
formation of peatlands in the RoF region took thousands of years,
impending land changes associated with industrial development can
lead to their rapid destruction, affecting various species of flora and
fauna, which have adapted and are dependent on it, changing
wildfire regimes, and leading to permafrost degradation, all of
which will affect carbon emissions that will further contribute to
ongoing global climate change.

Total avoidance of industrial development and thus the
necessity of linear feature construction is the only approach
which would entirely eliminate the intricate nature of cumulative
and interacting effects and their feedback; however, in the face of
political and economic pressures, eventual development in Far
North Ontario is likely impending. Although the focus of this
review was on evaluating the potential ecological threats and
consequences of the disruption of peatlands and their functions,
evaluation of such environmental impacts, as well as socio-economic
impacts on Indigenous communities whose members have
inhabited these lands for centuries is of utmost importance, as
they would be the ones most directly affected by industrial
development of the RoF region. Living off the land and its
provisions for millennia, First Nations of the RoF region are a
prime example that humans and nature can coexist in harmony-a
goal that should underline any decisions and planning of large-scale
land conversion to access natural resources.
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