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ABSTRACT

Understanding carbon stocks and their sequestration capacity is crucial for
effective climate change mitigation strategies that respect ecological integrity and
community values. Therefore, identifying landscapes where carbon stocks can be
increased through conservation and ecosystem-based management actions is
essential. To guarantee long-term permanence of carbon stocks, the support from

local communities and stakeholders is necessary.

This research focuses on the carbon sequestration potential of live trees in
privately protected forest fragments within the mixed-use landscape of the Upper
Clearwater Valley in British Columbia. The valley provides a crucial buffer zone to
Wells Gray Provincial Park which can extend forest carbon stocks and mitigate the
local impacts of climate change. A mixed-methods approach was used, combining
field and LiDAR data with a Random Forest classifier to model forest structure and
species composition effectively. Alongside the biophysical analysis, an economic
valuation was carried out using the Social Cost of Carbon and carbon market prices.
A qualitative assessment of regional stakeholder perceptions was conducted

through semi-structured interviews to understand the social value of carbon.

The results reveal that the study area boasts a carbon density of 165.48 Mg
C/ha. The forest annually sequesters 0.47 Mt C. This demonstrates strong local
capacity for emissions mitigation. This was achieved through modelling carbon at a
spatial scale lower than the usual 250 m grid of national-scale models. Considering
these attributes and the fact that the valley is part of a vital ecological reservoir
within the high-carbon-density Interior Cedar-Hemlock (ICH) zone, it is crucial to
maintain and expand forest patches on crown and private lands connected to
designated protected areas. This is especially important as climate shifts threaten

these subalpine ecosystems.

Stakeholder analysis indicates a strong community commitment to

environmental stewardship. Residents viewed forest conservation as indispensable



for climate adaptation and also supported local economic pursuits such as tourism.
The effectiveness of conservation initiatives depends on landowners, local decision-
makers and industry managers to form a joint strategy to maintain a forest corridor
across the valley, where economic incentives become a key factor. The land-use
arrangement of privately protected areas in the Upper Clearwater Valley can be
ideal for an aggregated forest carbon offset project in which privately protected
forests expand along the valley’s length. A broader protected forest setting could
improve the feasibility of generating carbon credits, which would increase both forest
carbon, ecological and economic value. The economic value of carbon sequestration
in the region is substantial, particularly if it can be integrated into compliance or
voluntary markets and provide substantial benefits to landowners to enhance

conservation efforts and vegetation management.

This research highlights the importance of privately protected forests as
valuable carbon reservoirs. The findings provide a scientifically grounded and
socially informed blueprint to leverage private land conservation to enhance
ecological connectivity, build resilience, and explore opportunities in the carbon
market. To protect and enhance these forest corridors represents more than local
conservation objectives; it is a critical investment in a resilient ecological reservoir

that safeguards biodiversity and regulates climate for future generations.

Keywords: Carbon Sequestration Model, Private Land Conservation, Stakeholder

Engagement, Forest Carbon Markets, Mixed-wood Species Prediction.
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Chapter 1. Introduction

THE IMPORTANCE OF CARBON SEQUESTRATION IN THE CONTEXT OF
CLIMATE CHANGE

Ecosystem services are the various benefits that we derive from natural
resources. Some of these benefits are direct and indirect economic advantages,
such as provisioning food, water, shelter, culture, and recreation. Other benefits are
taken for granted since they help regulate the natural system we live in and depend
on, such as regulating (e.g., climate mitigation and carbon sequestration) and
supporting services. Subsequently, ecosystem services influence human well-being
by indicating congruent locations, resources, and land cover types that support
human socioeconomic needs and ecological spaces (Alessa et al., 2008). Research
that estimates the value of ecosystem services has been increasingly considered in
policy development, land-use decisions, and conservation planning initiatives
(Menzel & Teng, 2010) because it provides a more holistic and accurate

measurement of the management of natural resources (Hrkac, 2021).

Due to pressing concerns about the negative impacts of climate change,
several nations have ratified different agreements to establish quantifiable goals to
reduce greenhouse gas emissions, safeguard biodiversity, and expand protected
areas within their territories. Examples of such international agreements include the
Paris Agreement (2015) and the Kunming-Montreal Global Biodiversity Framework
(2022). Despite this, some countries, including Canada, have failed to achieve their
endorsed targets. As a result, scholars and governments have identified carbon
sequestration as a strategic ecosystem service to be evaluated and enhanced in the
fight against climate change. The reduction of carbon dioxide emissions is
fundamental to successfully tackle the climate change implications for economic

development and the lifestyles of all humans of (Kulshreshtha et al., 2000).

The global carbon cycle represents the most essential set of processes

linking forests and other vegetation with global warming as they act as carbon sinks,



and sequester the carbon emissions generated by human activity. Plants store about
80% of the live biomass on Earth, with an estimated pool of 450 Pg carbon (Bar-On
et al., 2018). Of those, approximately 70% is stored in aboveground biomass of
forest areas (i.e., stems, branches, barks, seeds, flowers, and foliage of live plants)
and is one of the most dynamic terrestrial ecosystem carbon reservoirs (Kumar &
Mutanga, 2017). There is considerable uncertainty about the magnitude and regional
distribution of forest carbon sinks (Stinson et al., 2011) as they vary substantially
due to the impacts of fire, logging, storms, and land-use changes, which immediately

contribute to atmospheric carbon fluxes.

Understanding Canada's carbon storage is critical to terrestrial ecosystems,
which comprise about 9% of the world's protected and disturbed forests (Sothe et
al., 2022). In the current climate change crisis, evaluating any forest remnant in a
disturbed area matrix is imperative because it can make a difference regarding
carbon sequestration and other ecological processes at a landscape scale. Whereas
disturbed lands have a lower capacity for carbon sequestration due to their
continuous reduction of vegetation coverage (Piao et al., 2009), evidence suggests
that adopting nature-based solutions can effectively enhance the carbon
sequestration capacity and increase carbon storage in any landscape (Li et al.,
2023).

To maximize scientific knowledge, considering unique configurations of land
use is crucial to evaluate carbon sequestration in Canadian landscapes. The focus
must be on areas with forest patches with potential ecological connectivity near large
extensions of the protected forest, to support carbon flux and provide a connected
habitat for fauna and flora. According to the International Union for Conservation of
Nature (IUCN), “protected areas provide options for humanity in a rapidly changing
world. They ensure the continuing flow of ecosystem services, including maintaining
water and air quality and the availability of soil nutrients. They act as carbon sinks,
sequestering carbon in the plant biomass and the soil” (Cohen-Shacham et al.,
2016).



Additionally, carbon sequestration has recently become a traded service in
the global carbon market since governments and industries have realized its
potential to accomplish the carbon neutrality targets by 2050 implementing forest
carbon offset projects (Environment and Climate Change Canada, 2018). The
emergence of this market has led to the recognition that socioeconomic dynamics
are as important as scientific determination in the ecosystem service valuation
methodology. This approach to forest carbon valuation not only encompasses
economic and ecological assessments and forecasts, but it also incorporates active

participation from local communities in the management of ecosystems.

LITERATURE REVIEW

Forest Carbon Sequestration Assessment in Canada

Under the Paris Agreement, the Government of Canada committed to
reducing greenhouse gas emissions by 30% below 2005 levels by 2030. The
Emissions Gap Report 2020 by the United Nations Environment Program advised
that, according to current policies, Canada is not on track to meet its current
emission targets. Given this situation, nature-based climate solutions need to be
implemented in Canada’s climate strategy (Cohen-Shacham et al., 2016) through
emission reduction policies to increase support for mitigation efforts (Environment
and Climate Change Canada, 2019). The promotion of research that focuses on the
connection between land use and carbon cycling through the quantitative
assessments of landscape carbon-holding capabilities (Boisvenue et al., 2022) can
greatly contribute to Canada's carbon neutrality achievements. The implementation
of protective, restorative, and sustainable land management practices also lower
terrestrial greenhouse gas emissions and improve land carbon storage (Li et al.,
2023).

Carbon sequestration potentials have been estimated using carbon models
(Drever et al., 2021; Smyth et al., 2020). Even with a well-established forest carbon
model, as is the case for Canada (Environment and Climate Change Canada, 2019),

governments at different scales do not include these models when planning



greenhouse gas reductions (Lamb et al., 2021) or resource planning. Moreover, the
implementation of effective nature-based solutions requires (a) robust estimates of
current carbon, (b) an assessment of the land’s potential and unrealized potential for
carbon sequestration, and (c) the integration of carbon estimates and potential into

land-management decision schema (Drever et al., 2021; Walker et al., 2022).

While approximately 23% of forests in British Columbia (BC) are made up of
old-growth trees, and 3% of forests support very large trees (Price et al., 2021), the
carbon sequestration capacity of the province's ecosystems is undervalued.
Matsuzaki et al. (2013) found that the Interior Wetbelt of BC, along the western
flanks of the Canadian Rockies and northern Columbia Mountains, is an essential
northern latitude carbon reservoir. In this area, there have been vastly
underappreciated carbon stocks with the capacity to sequester and store even more
carbon for long periods due to the potential of old-growth forests to act as refugia,

especially within inland temperate rainforests (DellaSala et al., 2022).

Given the importance of BC forests for the country and the province, the
Provincial Government has taken some actions to integrate the carbon storage
capacity of natural areas into climate change policies, such as the commitment to
implement the 14 recommendations from the Old Growth Strategic Review, which
the Government released in April 2020 (Gorley & Merkel, 2020). However, BC has
not fully implemented any of these recommendations. Price et al. (2021) found there
was a lack of adequate on-the-ground C monitoring, verification of methods, and
sufficient data on the forests in the Interior Wetbelt of BC, leading to potential under-
reporting of the carbon impacts of industrial logging. These findings raised serious
questions about the reliability of carbon emissions reporting and claims about BC's

forests being sustainably managed since 2022 (DellaSala et al., 2022).

The failure to properly manage forests, leading to increased carbon stocks,
could result in carbon loss, which would significantly impact the atmosphere. To put
in perspective the contribution of natural areas to carbon storage and sequestration,
Kulshreshtha et al. (2000) estimated that the carbon stored in national parks was

about 23 times the 2000 level of Canada's annual emissions (190 Mt C/year). The



need to accurately quantify and map carbon stocks emerges as an imperative for
managing all of BC's forests. Recent comparisons of field plot measurements or
mapped-based estimates of carbon stocks have demonstrated severe

undervaluation of old-growth forests (DellaSala et al., 2022).

Due to the lack of complete integration of forest-management policies into
climate change mitigation strategies, a particular focus has emerged to maximize
forest sinks in all settings and land uses. This includes directly human-managed
rural private lands, which can perform as nature-based solutions to climate change.
While major forested biomes like the boreal rainforest have the most substantial
capacity to affect the global climate, the land sector (e.g., forestry, agriculture,
human settlements) is an important part of the natural carbon cycle and the
greenhouse gas emissions and removals associated with human management
(Steenberg et al., 2023).

Land use changes are key for climate change effects mitigation and to gain
improvements in carbon storage and sequestration above and below ground.
Carbon-directed land management can also generate secondary effects related to
changes in albedo, the substitution of biomass for fossil fuel energy, habitat
improvement for wildlife, and watershed protection (Andrews-Key & Nelson, 2025;
Sothe et al., 2022; Tolunay & Bassullt, 2015). There are various directions to
implement nature-based land use changes. The first direction is to change the
management practices and conservation advocacy, which yield results in the short
to medium term (10-30 years). The second is to avoid conversion through activities
that increase carbon sequestration. As forests grow, they have more fulsome

impacts over the long term (Drever et al., 2021).

Previous studies estimate that full implementation of all cost-effective nature-
based climate solutions. These include how avoided conversion and restoration of
natural lands and improved management of working lands can provide up to one-
third of the global mitigation needed in 2030 to keep warming below 2°C (Drever et
al., 2021). This estimate can vary substantially in terms of the mitigation potential

due to the specific geography, landscape configuration, the type of action, and local



socioeconomic dynamics. To maintain or increase forest carbon on these lands
through nature-based pathways is critical for success since their results are usually
seen over 30 years. That is why the estimates of carbon sequestration rates are
essential for land managers seeking to maximize carbon storage on the landscape

and/or in harvested wood products (Chisholm & Gray, 2024).

The Economic Value of Carbon Sequestration

All natural areas and ecosystem services are a type of natural capital. This
means they all have an economic value since society obtains economic benefits
from resource extraction. Despite their importance, governments often do not
consider ecosystems as assets (Kulshreshtha et al., 2000). As the threat of climate
change continues to increase, there is a growing need to include natural capital and
ecosystem services in the discussions of policymakers about global resource

management and sustainable development strategies (Hrkac, 2021).

Trade-offs are a core component of global resource management and using
natural capital to create other forms of capital may be considered sustainable as it
does not compromise the ability to meet the needs of future generations (Arrow et
al., 2012). To achieve future sustainable resource management depends partly on
navigating the trade-offs between different ecosystem services through academic
research in this area (Cavender-Bares et al., 2015). Costanza et al. (2017) found
that the methods and practical applications in valuing ecosystem services were
inconsistent and required a more unified and integrated methodology to serve as a

tool for public policy-making.

That is why scholars and government institutions have been working on
different methods to value carbon sequestration, as it can provide valuable
information for policymakers to accomplish the targeted objectives with the least net
economic and social cost (Verma & Ghosh, 2024). Monetary valuation offers a
formalized framework to assess the economic benefits of ecosystems in a tangible
metric for decision-makers. Some researchers believe that assigning monetary

values to ecosystems can effectively highlight the importance of preserved and well-



managed environments, especially when compared to over-exploited ones
(Kermagoret & Dupras, 2018). By emphasizing these economic benefits, we can
enhance the ecological importance of natural areas and use this information as a

tool in land use planning (Mengist et al., 2023).

One of the most straightforward methods to estimate the scale of the potential
benefit of carbon sequestration involves modelling the social damage cost of carbon.
This approach tries to account for all damage resulting from carbon emissions,
regardless of what sector they impact, because the price for a ton of carbon
emissions or sequestration is constant nationally (Nordhaus, 2014). Banasiak et al.
(2015) used the social cost of carbon to estimate that the value of carbon
sequestered in the United States National Parks is 707.86 USD million annually.
Consequently, the 17.5 million metric tonnes of carbon dioxide sequestered per year
in National Parks units is equivalent to saving the emissions from the combustion of

2 billion gallons of gasoline per year from being released into the air.

For protected areas in Canada, Kulshreshtha et al. (2000) calculated the
replacement cost and the substitute cost method to value carbon sequestration at a
large scale (Kulshreshtha et al., 2000). The first one would estimate the value of
natural forest carbon based on the cost of replacing projects such as afforestation,
reduced deforestation and sustainable land management (King & Mazzotta, 2023).
The substitute cost method estimates carbon sequestration values by converting the
marginal agricultural lands into forests through afforestation. The cost of carbon
determined using the replacement cost with reforestation was $16.25 per tonne;

while for the substitution, the cost was $17.50 per tonne.

The economic valuation of forest carbon has extended beyond protected
areas to either crown lands or private lands, to maximize the co-benefits of carbon
sequestration improvement in all human and natural dimensions. In this sense, the
carbon market has played a vital role in achieving lower-scale climate change
mitigation goals while providing profitable nature-based solutions through forest
carbon offset projects (Dye et al., 2024). A carbon market refers to the buying and

selling of credits representing greenhouse gas (GHG) emissions, reductions, or



removals. Organizations or individuals buy tradeable units in a carbon market to
meet a GHG emissions limit or objective (Environment and Climate Change Canada,
2018). Because forests naturally have continual carbon exchanges with the
atmosphere, forest carbon offset programs have also accounted for these
exchanges to achieve carbon and other greenhouse gases (GHG) stability over
decades and up to a century into the future (Council of Canadian Academies, 2022,

December 6).

Offset projects could be costly regarding time and economic resources once
the implementation area has been proven ecologically and socioeconomically
feasible. Thus, the value of an offset credit fluctuates over time and is primarily
influenced by supply and demand and the availability of offset protocols
(Environment and Climate Change Canada, 2018). Additionally, the value of the
credits depends on the carbon market chosen to sell them. Offset credits from
systems targeted toward the compliance market generally sell at a higher price than
those generated by the voluntary market because they can be used to meet

regulations for emissions reductions (Baker, 2024).

Many forested areas across BC have been impacted by natural disturbances
(e.g. insects, wildfire, etc.) and human disturbances (e.g. forestry, road construction,
etc.), causing them to turn from carbon sink to carbon source. Therefore,
implementing avoided conversion, restoration of natural lands, and/or improved
management of lands in the framework of an offset project will allow these areas to
return to being a carbon sink faster than natural forest regeneration (Ministry of
Forests, 2024).

Even though the implementation process of forest carbon offset projects
implies several conditions in the economic dimension to be successful, their
occurrence in a high-value ecological area is key to getting carbon sequestration
enhancement and other ecosystemic and socioeconomic co-benefits. For instance,
NatureBank Asset Management Inc. completed a high-level pre-feasibility
assessment to estimate carbon offsets resulting from changes in land management

to protect land that constitutes an essential habitat area for caribou in BC (Harmony



Foundation, 2023). Considering a scenario with 100% protection of the current forest
harvesting land base, offset estimates indicate a potential volume of 103,390 tCO2e
equivalent per year, or half of that under a 50% protection scenario, the potential

economic opportunities range from $700,000/year to $3.4 million/year.

Stakeholder Engagement in Ecosystem Services Valuation

Even if the economic valuation is successful, some scholars think it is only
through the inclusion of social and developmental goals in projects that it is likely to
obtain a reliable cost for enhancing carbon storage in managed and unmanaged
forests (Hultman et al., 2020). Only through social inclusion, the carbon benefits will
ensure sustainable forest management is relevant at all spatial and temporal scales
(Chen, 2012). The design of new strategies to manage natural resources to enhance
ecosystem services has often been conducted at the expense of local communities,
reducing opportunities for rural development, even if conservation has been tailored
to the local context by balancing sustainable use (Heinze et al., 2020). Public
participation methods in the valuation can help engage multiple interest or
stakeholder groups to better understand what is being used and valued locally
(Brown et al., 2014; Darvill & Lindo, 2016).

The economic valuation of ecosystem services has been criticized as limited
since economic valuations assume that everyone uses and values the same
ecosystem services (Klain & Chan, 2012). The importance of ecosystem services
varies among different groups of stakeholders due to place attachment, personal
values, and socioeconomic context, and these differences are reflected in
ecosystem service use. For instance, stakeholder groups with policy links have more
potential to influence management decisions than those with direct associations with
the land base (Darvill & Lindo, 2016). Additionally, when multiple stakeholder groups
are considered in the evaluation, some aspects of the local society relevant to the
management plans emerge, such as competing interests that involve financial gains

or where stakeholders act and mobilize at local spatial scales (Howe et al., 2014a).
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The participation of key stakeholders in analyzing economic valuation results
has facilitated the discussion of strategies that integrate ecosystem services value
into development planning. During the process, the stakeholders must recognize the
importance of the orders of magnitude of costs and benefits associated with
sustainable use of ecosystem services (Darvill & Lindo, 2016; Gomez et al., 2023) to
avoid conflict among stakeholder groups, which is an essential part of environmental
decision-making for land management (Brown et al., 2014). Consultation with
different stakeholder groups can pinpoint potential conflicts before they occur or that

might arise from poorly directed land-use change decisions (Darvill & Lindo, 2016).

To use carbon storage as a proxy for climate change at a local scale,
research must directly compare carbon storage and socio-ecological conditions
(Forgues, 2022). There is a need for holistic approaches that consider both the
climate mitigation potential (Lindenmayer et al., 2011) and the socio-ecological
characteristics that lead decision-making processes. To enhance carbon
sequestration and maintain existing carbon stocks involves changes to land and
resource use, which affects local community livelihoods and even the future
socioeconomic stability of the region. Subsequently, where appropriate, complete
and adequate participation of Indigenous and local communities is relevant to policy-
making and implementation processes (Secretariat of the Convention on Biological
Diversity, 2010).

One way to guarantee the prevalence of carbon sequestration areas is
through sustainable forest management practices by local communities and
Indigenous Peoples. This approach can provide one of the most cost-effective and
high-volume opportunities for climate change mitigation. Additionally, involving the
local community in establishing and maintaining forest areas can create a sense of
ownership while generating income (Galik et al., 2009). It is vital to recognize the
heterogeneity of local communities and the factors that influence their willingness to
participate in such programs (Finley & Kittredge, 2006). For example, in California,
forest management projects in private properties managed by their owners that
increase carbon sequestration can generate credits that can be sold to offset

emissions elsewhere in the market (Marland et al., 2017).
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A few studies have quantitatively examined factors that influence the interest
of local communities in participating in carbon offset programs. In Norway,
Habesland et al. (2016) assessed the extent to which landowners believe forestry
can help mitigate climate change, and how these beliefs influenced their interest in
participating. In the United States, Thompson & Hansen (2012) used data from a
nationwide mail survey of 429 family forest owners to examine whether there was an
interest in a forest carbon sequestration project. They found that respondents with a
positive attitude toward participation tended to own smaller parcels and actively
manage their forests. Miller et al. (2012) conducted a similar study in Michigan,
Wisconsin, and Minnesota. They found that landowners were also more likely to
participate if they had positive attitudes toward using forests to mitigate climate
change and greatly valued their forest’'s non-market amenities. Because this is such
a decisive motivating factor for participation, any carbon program must be marketed

from the landowners’ perspectives (Habesland et al., 2016).

To reach the point where local people can be fully involved in carbon
sequestration projects through protected areas, private management, or government
plans, it is necessary to ensure stakeholders are informed and understand the
carbon storage scenarios in the context of climate change mitigation actions. It is
imperative to determine the community’s perspectives, priorities, and value
judgments towards environmental problems, climate change, and the utilization
forms of forest resources and their active and passive use values (Tolunay &
Bassulla, 2015). After identifying the value judgments, it becomes feasible to
establish a framework for a community-driven initiative to boost carbon
sequestration. This framework should entail tailored management strategies that
account for the local population’s unique political contexts, socioeconomic

expectations, and well-being to guarantee future project continuity.

THESIS STATEMENT

This research argues that forest carbon sequestration management in mixed

land-use private lands in the southern buffer zone of Wells Gray Provincial Park can
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play a vital role in climate change mitigation. This is particularly the case when the
management is at a local scale, when projects are evaluated through participatory,
integrative environmental, and socioeconomic approaches, and they support

sustainable development and local livelihoods.

| will address this statement through the following research questions: 1)
What is the carbon sequestration capacity of the small privately owned forested
lands in the Wells Gray Provincial Park buffer area to contribute to climate change
adaptation?; 2) Is carbon sequestration an important ecosystem service for the local
community and decision-makers?; and, 3) Is a carbon offset project viable for the
Upper Clearwater Valley community in the buffer zone of the Wells Gray Provincial
Park?

STUDY AREA DESCRIPTION

The study area is in the Upper Clearwater Valley in Wells Gray Country, BC.
The region is in a transition zone between the dry Okanagan and the wetter and
more variable conditions of the inland rainforest and the higher Cariboo mountains.
The climate is cold and temperate. In the Clearwater Valley, the average annual
temperature is 3.4 °C. Each year, approximately 1053 mm of precipitation occurs.
Here is a difference of 73 mm of precipitation between the driest and wettest
months. Throughout the year, there is a fluctuation in average temperatures by
26.0 °C (Climate Data).

The Upper Clearwater Valley, spanning 1000 km?, lies adjacent to the
southern boundary of Wells Gray Provincial Park, which was established in 1939.
The park has undergone several expansions, including the Clearwater River
Corridor Addition (3100 ha) and the Trophy Mountain Addition (6934 ha) in April
1996, which both aimed to enhance wildlife habitats (BC Parks, 2025). These
additions were the only changes that have been made to the southern border of the
park since its establishment. A collaboration between the BC Ministry of Forests and
Upper Clearwater residents has resulted in the allocation of approximately 500 ha of

crown land for research and educational purposes by Thompson Rivers University.
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Edgewood Blue, a private property with educational and research purposes of 10
acres is located east of the university research center (Goward, 2024). Lastly,
between the eastern lobe of the Wells Gray Provincial Park and Edgewood Blue,
140 acres of protected forest is managed by The Land Conservancy of British
Columbia (The Land Conservancy, 2016).

Even though some private landowners of the valley advocate for increasing
the ecological connectivity of the habitat provided by the provincial park, this
represents only 5% of the private land in the valley. The spatial distribution of the
land in the valley is unique and could potentially provide a larger forested area to
enhance ecosystem services. Approximately 9% of the land is privately owned, 31%
is crown land used for recreation or categorized as a reserve, and 59% is crown land

for timber extraction purposes, as presented in Figure 1.1.
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Figure 1.1. Map showing the land use distribution in the Upper Clearwater Valley, BC.
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This research aims to estimate the maximum carbon sequestration potential
of forested areas in the valley. The study area of 1.26 km? was chosen based on the
criteria of private lands with significant protection, leading to a secondary
successional forest with minimal management, at an elevation of 750-800 m. The
western area covers a polygon of 0.81 km? within the Land Conservancy of British
Columbia and Edgewood Blue property. The eastern area of 0.44 km? is located in
the Thompson Rivers University lands. It includes only one biogeoclimatic zone:
Interior Cedar Hemlock subzone dry warm North Thompson. Figure 1.2 displays the

study area and the biogeoclimatic zones present in the region.
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Figure 1.2. Map showing the BEC zones in the study area and the Upper Clearwater Valley.



16

RESEARCH METHODS

This research applied a mixed methods approach that combines quantitative
and qualitative analyses to provide a holistic examination of carbon sequestration
enhancement in the socioeconomic context of the land managers and local
community of the study area. With this methodological approach, | obtained
complementarity, development, and expansion of the results from one method with
the findings from the other. The research methods for this project can be divided into
three parts: 1) forest carbon sequestration estimation, 2) carbon sequestration

economic valuation, and 3) carbon sequestration community-based valuation.

Forest Carbon Modelling

This study provides a high-resolution assessment of carbon storage and
sequestration potential of live trees within the privately protected forests of the Upper
Clearwater Valley. A multi-stage methodology was developed to achieve this. |
combined field-based measurements with remote sensing and machine learning to
ensure precision. The carbon assessment began with collecting ground forest
structure features data, which was used to train and validate a series of models.
LiDAR data was collected to scale up the field data and estimate the forest volume.
This remote-sensing method made it possible to measure height and crown features
of each tree in the study area. To predict each tree's Diameter at Breast Height

(DBH), a regression model from LiDAR-derived metrics was developed.

Subsequently, a Random Forest classifier, augmented with topographic
variables, was employed for species-level identification. This detailed forest
structural and compositional data was then processed using species-specific
allometric equations to calculate live tree biomass, and finally, through the peer-
reviewed i-Tree Eco software (Nowak & USDA Forest Service’s Northern Research
Station, 2021), to estimate carbon storage and sequestration. In the following

sections, each stage of the methodology is described in detail.
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Field data collection

Ground and LiDAR data were needed to train the species classification and
biomass Random Forest models. These ground-based observations were used to
train and validate the carbon model by demonstrating how biomass was distributed
among different tree species and forest structures within sample plots. Below is a

description of how both methods were conducted in the field.

Ground data

Based on the literature, circular plots of 22 m in diameter were set on both
sides of the study area to collect the tree measurements. A plot radius of
approximately 11 m (which equates to a plot area of about 380 m?) is usually used in
forest inventories because it represents an optimal balance between efficiency and
accuracy (Nowak & US Forest Service, 2021; Steenberg et al., 2023; WWF Canada,
2024), particularly for certain types of analysis like remote sensing-based
estimates. Twenty-five plots were set in total on both sides of the study area to come

to a total of 9,500 m? sampled.

To identify the location of the fifty field plots within the previously established
GIS boundaries of the study area, a random plot generator for Google Maps was
employed (Ascoli & Starn, 2011). While this method ensured a randomized spatial
distribution, the exact location of a subset of plots was adjusted during fieldwork.
These adjustments were made on-site due to factors such as extreme topographic
conditions (e.g., steep cliffs or ravines) or safety and logistical constraints that would
have prevented crew access for accurate measurement. It is acknowledged that
such adjustments introduce a potential sampling bias, as the final plot locations may
underrepresent certain inaccessible or hazardous terrain types. Ground
measurements, which served to complement and calibrate the LIiDAR data for forest
biomass estimation, were collected from these plots, covering approximately 1% of

the total study area.

For each tree, the following data variables were collected: tree’s geographic

coordinates recorded with a Garmin ETREX 32x GPS; tree species identified
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through local taxonomic keys; diameter at breast height (DBH) calculated from the
measurement of the trunk at breast height diameter at 1.3 m using a diameter tape
and later converted to DBH; total height measured through a SUUNTO clinometer
using the geometric method; crown height and width using a tape meter. A crew of
field biologists were trained under the standards for field measurements set by
Nowak et al. (2021) to ensure the consistency of the measurements. The data was
recorded in paper forms as transcripts and then was entered manually into the i-Tree
Eco software. Due to resource availability constraints, the data collection was
conducted in the autumn months of September and October 2024 and May 2025 to

ensure that all the trees had developed their foliage completely in both seasons.

Remote-sensing data collection and snag classification

LiDAR data was collected on June 5th, 2025, with an average temperature of
13 °C and 130 mm of precipitation (Climate Data, 2025). An expert and certified pilot
flew the Matrice 300RTK with an attached LiDAR remote sensor DJI Zenmuse L2.
The drone flew over the preloaded study area map with terrain following enabled to
ensure the 80 m above ground level was constant. The following data collection
setting ensured as much of the structure as possible was captured: Surveying based
on the digital surface model in DJI Terra 4.5.0 (DJI, 2024). . Flight speed 10 m/s.
Number of returns 5 to characterize the depth of the canopy and forest. Non-
repetitive scanning allows for better structure from each tree using camera and
sensor motion (DJI, 2024). The side overlap ratio is 50%, which is used to capture

all the sides of the tree. The camera angle -70° to see through the canopy.

LiDAR point clouds were processed using DJI Terra 4.5.0 to classify ground
points using the gentle slope default settings. The LIDAR system generated a dense
3D point cloud with an average point density of 916.95 points/m? and vertical
accuracy of 4 cm. The data captured vertical and horizontal forest structure,
enabling the derivation of canopy height models and structural metrics such as stem
density and crown dimensions. By generating a three-dimensional point cloud,

LiDAR enabled the extraction of key structural metrics such as canopy height, crown
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width, and vertical forest complexity using a Canopy Height Model (CHM) within the

LidR package in R (Roussel et al., 2020) to determine biomass and carbon storage.

To optimize the species classification model for the trees, it was necessary to
isolate live trees for the allometric biomass analysis. Therefore, standing dead trees
(snags) were identified and subsequently excluded from the database. For this
purpose, the segment_snags() function of the lidR package in R (Roussel et al.,
2020) was used for snag identification within LIDAR point clouds. This function
allows for the classification or segmentation of snags (standing dead trees) by
assigning a “snags” attribute to each point in the point cloud. While this method
successfully identified snag locations, it did not provide species identification for
these dead individuals. As the project's objective was to model live biomass and
carbon sequestration (processes requiring species-specific allometric equations),
only reliably classified live trees could be used in the final estimation. Furthermore,
the computational demands of processing the exceptionally dense point cloud for a
full inventory were considerable. Analyzing snags for species would have required
maintaining this high density, which meant a significant increase in processing time
without yielding the necessary species data. Consequently, snags were omitted from
the biomass calculations, and the analysis focused exclusively on the live tree

component of the forest ecosystem.

Biomass and species classification model

DBH linear model

The diameter at breast height (DBH) of 1,339 sampled trees was predicted
using a linear model, with height and species as predictor variables. This model
provides the essential DBH-to-height relationship required for biomass estimation.
The linear approach was selected for its computational efficiency and is a well-

documented method for this purpose in the forestry literature (Esfahani et al., 2026).
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Species classification model

Once the forest structure was modelled with the highest possible accuracy
using the DBH linear model and the canopy height model from the LiDAR data,
machine learning was applied to estimate forest biomass using the Random Forest
(RF) classifier using the mlIr3 package in R (Lang et al., 2019). RF is an ensemble
method that builds multiple decision trees on bootstrapped dataset samples and

combines their predictions, improving accuracy and reducing the risk of overfitting.

This study used RF to predict each tree's most likely species identity by
integrating structural parameters from LiDAR with terrain, hydrological, and solar
indices. Since the LIiDAR data only estimates the height of the trees, a species-level
identification was needed to determine the live trees' special carbon sequestration
and storage features. To do so, a training dataset was created by precisely locating
the field-identified trees from the ground inventory within the LiDAR-derived forest
model, using their recorded GPS coordinates. The model was then trained to
correlate these known species identities with their associated LIiDAR structural and
environmental metrics, enabling it to predict species for the remaining, unlabeled
trees across the entire study area. This dataset included species identification, tree

counts, stem diameter at breast height (DBH), and tree height measurements.

To achieve higher accuracy of the forest structure model through more
precise species identification of the point clouds representing each tree, it was
necessary to incorporate terrain, hydrological, and solar attributes that capture
habitat suitability for each species and, consequently, their likelihood of occurrence.
SAGA GIS software (Conrad et al., 2015) was used to model these physical
attributes of the terrain and generate layers for each one in a digital elevation model.
These attributes were included in the Random Forest classification model. The
model used recursive feature elimination to determine the best set of features (i.e.,
variables from terrain, hydrological, and solar indices). The description of the terrain

analysis attributes considered is in Table 1.3.
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Attribute

Description

Aspect

The compass direction that the terrain slope faces, measured in

degrees from 0° (true North).

Slope

The rate of maximum change in elevation (steepness) at each

cell, calculated in degrees of inclination.

Channel base

A raster layer identifying the fundamental, base-level channel

network.

Channel distribution

A raster layer representing the potential or predicted channel

network, including intermittent and ephemeral channels.

Convergence Index

A measure of flow convergence and divergence. Negative
values indicate convergent areas where flow accumulates (e.g.,
valleys, channels), and positive values indicate divergent areas

where flow disperses (e.g., ridges, hillslopes).

Diurnal Anisotropic

Heating

This models the effect of surface geometry (slope and aspect)

on the potential for heating, considering the sun's trajectory.

Curvature

The second derivative of the elevation surface, representing the

concavity or convexity of the terrain.

Diffuse insolation

The modeled amount of solar radiation received at the surface
from the diffuse (scattered) component of the solar beam,

typically over a specified period (e.g., one year).

Direct insolation

The modeled amount of solar radiation received directly from

the sun, without being scattered, over a specified period.

LS factor

The combined slope length and steepness factor from the
Revised Universal Soil Loss Equation (RUSLE). It quantifies the

effect of topography on soil erosion potential.

Multiresolution Ridge

Top Flatness index.

This index identifies ridge tops and flat upland areas by
analyzing the local terrain across multiple scales. High values

typically represent flat, high-altitude regions.

Multiresolution Valley

Bottom Flatness index.

This index identifies valley bottoms and flat, low-lying areas by

analyzing the terrain across multiple scales.
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Attribute

Description

Openness negative

A measure of the dominance of concave (valley-like) features. It
is calculated as the average of downward-looking angles within

a specified radius.

Opennnes positive

A measure of the dominance of convex (ridge-like) features. It
is calculated as the average of upward-looking angles within a

specified radius.

Relative Slope

Position index

This standardizes a cell's position between a defined valley
floor and a ridge top. Values range from 0 (valley bottom) to 1

(ridge top), providing a normalized measure of slope position.

Total Catchment Area

This represents the total upslope area draining through each
cell. It is a fundamental layer for hydrological modeling, used to

define stream networks and calculate wetness indices.

Topographic Position
Index (TPI)

This index compares the elevation of a central cell to the mean

elevation of a specified neighborhood.

Terrain Ruggedness

A measure of the total elevation change between a central cell

Index (TRI) and its immediate neighbors. It quantifies the heterogeneity of
the terrain, with high values indicating rough, rugged areas.

Topographic Wetness This index models the spatial distribution of soil moisture and

Index (TWI) saturation. It is a function of the upslope contributing area
(TCA) and the local slope.

Valley Depth The vertical distance from the current land surface down to a
calculated, interpolated valley floor line.

Valley curve Likely refers to the planform curvature or a specific curvature

measure calculated for, or characteristic of, valley bottoms.

Table 1.3 Terrain analysis attributes layers used to maximize species-classification model.

To further optimize the model and explicitly guard against overfitting from

uninformative predictors, a recursive feature elimination (RFE) procedure was

integrated into the workflow. This process iteratively eliminated predictor variables

with the lowest importance scores. The model was re-run after each elimination; if
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the overall model performance declined, the last removed variable was
reincorporated. This recursive process continued until an optimal subset of four key
predictor variables was identified. These four predictor variables are a threshold
chosen because Random Forest models with fewer than four variables are generally
less effective for robust classification. This RFE step ensured the final model was
both parsimonious and built on the most relevant structural metrics, thereby

enhancing its generalizability and predictive accuracy for forest biomass estimation.

To maximize the predictive performance of the Random Forest classifier, a
systematic multiparameter tuning process was employed. A grid search was
conducted to optimize two key parameters: mtry (the number of variables randomly
sampled as candidates at each split) and num.trees (the total number of trees in the
forest). While the common default for mtry is the rounded-down square root of the
total number of predictors, the search space for this study was expanded to a
sequence of integers from 2 up to this square root value. This comprehensive
search was performed to empirically determine the optimal setting, as the
anticipated high classification complexity—due to the presence of tree species with
similar structural profiles—made exploring all intermediate values necessary.
Similarly, the num.trees parameter was evaluated at values of 500 (the typical
default), 1000, and 2000. Testing these higher values aimed to ensure sufficient
model stability and predictive power by increasing the ensemble's complexity to

capture the nuanced relationships within the data better (Probst & Boulesteix, 2017).

This grid search was implemented using 8-fold cross-validation on the training
dataset. In this process, the training data was partitioned into eight random, equally
sized groups (folds). For each of the eight iterations, seven folds were used to train a
candidate model, while the remaining fold was held out as a test set to evaluate its
performance. This rotation ensured that every portion of the data was used for
validation exactly once. The overall performance for each candidate parameter set
was calculated as the average of the balanced accuracy scores from all eight folds.
The optimal model was selected based on the highest mean cross-
validated balanced accuracy, a metric chosen to ensure robust performance across

all species classes (Probst & Boulesteix, 2017), including those with fewer samples.
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The final multiparameter set identified through this process was then used to train
the definitive species classification model on the entire training dataset. The final
hyperparameter set identified through this process was then used to train the

definitive species classification model on the entire training dataset.

Canopy height model

Since LIDAR data does not directly provide tree canopy height, the treecbh
package (Diodszegi et al., 2025) in R was used to determine the crown base height of
individual trees. The treecbh package provides functions to detect individual tree
level Crown Base Height (CBH) using high-resolution LIDAR data. Individual tree
segmentation must be conducted prior. The package is meant to be used within the
framework of the lidR package. This variable is a crucial biometric parameter for
estimating carbon storage and sequestration. Specifically, the vertical extent of the
live crown, derived from total tree height and CBH, is directly related to foliar
biomass and photosynthetic capacity. By accurately quantifying the crown
dimensions required by the carbon sequestration model software, CBH enables
differentiation between total woody biomass and the active, photosynthetically
functional component of the tree. This distinction is essential for refining biomass
compartment models and for more accurately modelling carbon sequestration

dynamics, which are driven by live foliage.

Biomass estimation

The assessment of live tree biomass within the study area was conducted
utilizing the i-Tree Eco software (v6). Developed by the US Forest Service, this tool
quantifies forest structure, ecosystem services, and associated economic values,
aiding researchers and resource managers in decision-making. Its application in this
study was deemed particularly appropriate for several reasons. While i-Tree Eco’s
foundational models and allometric equations are derived primarily from North
American species, its framework is designed for international adaptation. Crucially,

the software incorporates localized hourly meteorological data, which adjusts growth
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and decomposition processes to reflect regional climate conditions. For this study,
data from a nearby Canadian weather station ensured these calculations were

tailored to the local environment. Additionally, the software’s methodological focus
aligns with the context of this research. i-Tree Eco’s core studies emphasize non-
mature, suburban, and urban forests, making it a suitable analytical framework for
the study area’s character. Furthermore, as Canada is a partner country for which
the software has been specifically calibrated, its use here is supported by pre-

existing regional validations.

i-Tree Eco offers necessary flexibility in data input, capable of processing field
measurements from individual trees, complete inventories, or randomized plots. This
allowed for the direct integration of this study’s field-collected data with local
pollution and weather parameters to produce a standardized, quantitative
assessment of biomass, structure, and ecosystem services. The input data used to
model biomass were obtained from the species classification model, DBH
measurements from the linear model, and height measurements from LiDAR data

processing.

Biomass for each measured tree was calculated using allometric equations
from the literature (Nowak, 2021). Equations that predict above-ground biomass
were converted to whole tree biomass based on root-to-shoot ratio of 0.26 (Cairns et
al., 1997 in Nowak, 2021). Equations that compute fresh-weight biomass were
multiplied by species- or genus-specific conversion factors to yield dry-weight
biomass. These conversion factors, derived from average moisture contents of
species given in the literature, averaged 0.48 for conifers and 0.56 for hardwoods
(USDA 1955; Young and Carpenter 1967; King and Schnell 1972; Wartluft 1977;
Stanek and State 1978; Wartluft 1978; Monteith 1979; Clark et al. 1980; Ker 1980;
Phillips 1981; Husch et al. 1982; Schlaegel 1984a,b,c,d; Smith 1985 in Nowak,
2021). As deciduous trees drop their leaves annually, only carbon stored in wood
biomass was calculated for these trees. Total tree dry-weight biomass was
converted to total stored carbon by multiplying by 0.5 (Forest Products Lab, 1952;
Chow and Rolfe 1989 in Nowak, 2021).
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The multiple equations used for individual species were combined to produce
one predictive equation for a wide range of diameters for individual species. The
process of combining the individual formulas (with limited diameter ranges) into one,
more general species formula, produced results that were typically within 2% of the
original estimates for total carbon storage of the urban forest (i.e., the estimates
using the multiple equations). Formulas were combined to prevent disjointed
sequestration estimates that can occur when calculations switch between individual
biomass equations. If no allometric equation could be found for an individual
species, the average of the results from equations of the same genus was used. If
no genus equations were found, the average of the results from all broadleaf or

conifer equations was used (Nowak, 2021).

Carbon storage and sequestration model

The carbon (C) storage values were estimated and converted into carbon
sequestration estimates using the i-Tree Eco tool (Nowak, 2021) developed based
on UFORE-C: Carbon Storage and Sequestration, which calculates total stored
carbon, and gross and net carbon sequestered annually by the urban forest based
on field data (Nowak & Crane, 2000). Carbon dioxide (CO2) in the atmosphere is
necessary for plants and trees to grow. Trees absorb carbon dioxide during
photosynthesis, storing carbon and producing oxygen as a byproduct of
photosynthesis. Carbon sequestration is the process of removing carbon from the
atmosphere and storing it in a physical element (e.g., a tree). i-Tree Eco estimates
carbon storage in trees, annual carbon sequestration, and emission of carbon via
tree decomposition. The required inputs from the field and LiDAR data are: tree
species (field data), DBH (regression model), total tree height, crown dieback and
crown light exposure (LIDAR data). The following description of the equations used
from the carbon storage and sequestration model is explicitly written in the UFORE

document referenced earlier.

Carbon storage is estimated by multiplying tree biomass by 0.5 (Chow and

Rolfe 1989 in Nowak, 2021). To prevent carbon storage overestimation for very
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large trees, total carbon sequestration is limited to a maximum of 40 kg C / cm DBH
growth once a tree reaches 7,500 kg of carbon in i-Tree Eco. To estimate annual
gross carbon sequestration, the tree DBH is incrementally increased in the computer
model based on an estimated annual growth rate. The carbon storage in the current
year (year 0) is then contrasted with carbon storage in the next year (year 1) to
estimate the annual sequestration. If a tree’s carbon storage is over 7,500 kg and
the tree is alive, carbon sequestration for these large trees is estimated based on the
sequestration rate (kg/cm DBH growth) when the tree reached 7,500 kg C storage. A
maximum sequestration rate was set at 40 kg/cm DBH growth if the tree’s storage
was greater than 7,500 kg. These sequestration values are added to the storage
value annually, so storage can exceed 7500 kg, but the sequestration rates are
prevented from growing geometrically based on carbon equations applied to large
trees (Nowak, 2021).

The average diameter growth from the appropriate land-use and diameter class
was added to the existing tree diameter (year x) to estimate tree diameter in year
x+1. For trees in forest stands, average DBH growth was estimated as 0.38 cm/yr
(Smith and Shifley 1984 in Nowak, 2021); for trees on land uses with a park-like
structure (e.g., parks, cemeteries, golf courses), average DBH. growth was 0.61
cm/yr (deVries 1987 in Nowak, 2021); for more open-grown trees, DBH. Class-
specific growth rates were based on Nowak (1994). Average height growth was
calculated based on formulas from Fleming (1988) and the specific DBH growth
factor used for the tree (Nowak, 2021). As the base growth estimates used are from
more northern U.S. areas, a new growth approach was used that utilizes length of

growing season to determine the base growth rate.

To determine a base growth rate based on length of growing season, forest
growth estimates (Smith and Shifley, 1984) were standardized to growth rates for
Minnesota (153 frost-free days) based on: Standardized growth (SG) = measured
growth x (153/ number of frost-free days of measurement). Crown light exposure
measurements of Growth = SG / 2.26 were used to represent forest growth

conditions. Growth rates were adjusted based on tree condition. For trees in fair to
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excellent condition, base growth rates were multiplied by 1 (no adjustment), poor
trees’ growth rates were multiplied by 0.76, critical trees by 0.42, and dying trees by
0.15 (dead trees’ growth rates = 0). Adjustment factors were based on percent
crown dieback and the assumption that less than 25% crown dieback had a limited
effect on DBH growth rates. The difference in estimates of C storage between year x
and year x+1 is the gross amount of C sequestered annually (Nowak, 2021). Table

1.4 presents the criteria used to estimate species-specific growth rates in the study

area.
Species Percent Growth Height at
Common Name P Leaf Leaf Type Longevity | Maturity
Name Rate
Type (feet)

White spruce Picea Picea Evergreen | Slow Long 80
glauca (55+yrs)

Western hemlock | Tsuga Pinus Evergreen | Slow Long 170
heterophylla (565+yrs)

Western red Thuja Picea Evergreen | Slow Long 150

cedar plicata (55+yrs)

Subalpine fir Abies Picea Evergreen | Slow Long 90
lasiocarpa (55+yrs)

Lodgepole pine Pinus Pinus Evergreen | Fast Long 99
contorta (565+yrs)

Trembling aspen Populus Hardwood | Deciduous | Fast Moderate | 65
tremuloides (35-55yrs)

Black cottonwood | Populus Hardwood | Deciduous | Fast Moderate | 100
balsamifera (35-55yrs)

White birch Betula Hardwood | Deciduous | Fast Moderate | 70
papyrifera (35-55yrs)

Table 1.4 Species growth rate criteria to model carbon sequestration. Taken from i-Tree

Species Database.

Tree death leads to the eventual release of stored C. In estimating the net
amount of C sequestered by the forest, C emissions due to decomposition after tree
death must be considered. To calculate the potential release of carbon due to tree
death, estimates of annual mortality rates by condition class were derived from a
study of tree mortality (Nowak 1986 in Nowak, 2021). Annual mortality was
estimated as 1.92 percent for trees 0 to 3 inches in the good-excellent class; 1.46
percent for trees more than 3 inches in the good-excellent class; 3.32 percent for

trees in fair condition; 8.86 percent for poor condition; 13.08 percent for critical
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condition; 50 percent dying trees, and 100 percent for dead trees. Two types of
decomposition rates were used: 1) rapid release for above-ground biomass of trees,
and 2) delayed release for standing dead trees and tree roots. Dead trees have an
increased probability of being measured in the future tree inventories and
decomposition rates must reflect this difference. These trees were assumed to

decompose over a period of 20 years (Nowak, 2021).

Estimates of C emissions due to decomposition were based on the probability
of the tree dying within the next year and the probability of the tree being removed

using the formula:

EmiSSion = C x M(' x z pf. ((DI'C‘P"{)‘V:?) + (DS tan (li ))

Drwnm‘e = (pub /yJ )(1/ dm ) + ((1 i pul‘) ) / y[ )(1 /dl )
D.s tand = ((y4 i 1) /yt )(l/di)

where Emission = individual tree contribution to carbon emissions; C = carbon storage in the
next year; Mc = probability of mortality based on condition class; i = decomposition class
(based on number of years left standing before removal); pi = proportion of the land use tree
population in decomposition class i; pab = proportion of tree biomass above ground; yi =
number of years left standing before removal (yi — « for natural decomposition); dm =
decomposition rates for above-ground biomass (3 years); and dr = decomposition rate for

standing trees and tree roots (20 years) (Nowak, 2021).

Individual tree estimates of mortality probability and decomposition rates were
aggregated upward to yield total estimates of decomposition for the tree population.
The amount of carbon sequestered due to tree growth was reduced by the amount
lost due to tree mortality to estimate the net carbon sequestration rate (Nowak,
2021).

Carbon sequestration model uncertainties

The limitations associated with carbon storage estimates are the same as with
tree biomass estimates, as carbon storage is directly related to biomass. Overall, the

storage estimates are reasonable, and the standardized values per unit tree cover
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are comparable to estimates for U.S. forests and from other cities around the world
(Nowak et al. 2013a in Nowak, 2021). National estimates of forest carbon storage
and sequestration have been estimated through the years using this procedure
(Nowak 1993, Nowak and Crane 2002, Nowak et al. 2013a in Nowak, 2021).
Estimates of storage could be improved with biomass equations developed for
landscape conditions. Capping carbon sequestration after the tree reaches 7,500 kg
is also a limitation, however, the cap prevents extremely large estimates from
occurring via the logarithmic biomass equations used. Estimates of gross carbon
sequestration are dependent upon good biomass and tree growth equations. Growth
rates for trees will range between 0 cm DBH/yr (dead trees) to 2.54 cm DBH/yr for
fast-growing, open-grown healthy trees in areas with no frost (Nowak & US Forest
Service, 2021).

Estimated growth rates are average rates where rates of individual trees may
be higher or lower than the estimated class average. These growth rates for
“‘moderate” trees are within range for measured urban and forest tree growth (e.g.,
deVries 1987, Fleming 1988, Frelich 1992, Nowak 1994b, Smith and Shifley 1984,
Wood 2010 in Nowak, 2021). The estimated growth is based on the tree species,
condition, and crown light exposure of the measured tree. Better long-term growth
rates for trees will help improve growth estimates. Net sequestration is based on
gross sequestration minus losses due to decomposition. Decomposition estimates
are quite rudimentary and are based on various assumptions of mortality and
decomposition rates. Improved research on decomposition rates and mortality rates
for urban trees are needed to enhance the net sequestration estimates (Nowak &
US Forest Service, 2021).

Economic Valuation

| employed the avoided damage costs approach to estimate the economic
benefits of carbon sequestration and storage with a focus on cost-based methods.
This method estimates the economic benefit of removing a ton of CO, from the

atmosphere by calculating the economic damage that ton would have caused if it
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had remained in the atmosphere. This involved considering three values: the Social
Cost of Carbon (SCC) for Canada, the value of a ton of carbon in the North
American voluntary market, and the provincial compliance market through the British
Columbia Output-Based Pricing System. By comparing these prices, | aimed to
establish a societal perspective on carbon valuation that aligns with a market-based
approach. The total value of the carbon sequestration potential for each area was

converted into monetary value using the following equation:
Where

V¢ = service value of carbon

Ve = Q XP %8S sequestration,
Q = Net carbon storage (t/halyr),
P = carbon prices (CAD/t C),

S = Area of forest or land cover (ha).

SCC estimates the economic cost of an additional ton of carbon dioxide
emitted to the atmosphere (Nordhaus, 2014) or the monetized benefit and its
present value obtained by sequestering an additional metric ton of carbon from the
atmosphere (Sil et al., 2017). For this analysis, | used the SCC set by the
Government of Canada for 2025 of $271 per ton of carbon equivalent (Environment
and Climate Change Canada, 2023) as the first economic value entry for the i-tree

Eco tool model of carbon sequestration.

In addition to the SCC, there are two types of carbon markets: voluntary and
compliance. The distinction lies in whether the tradable units serve to meet voluntary
commitments or regulatory emissions limits. Individuals or organizations that
voluntarily limit GHG emissions can utilize units from the voluntary market, while
compliance market units are reserved for companies constrained by government
regulations. Nonregulated entities may also purchase from the compliance market to
achieve voluntary emissions reduction goals (Environment and Climate Change
Canada, 2018).
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For this study, | assigned the compliance market's carbon price using the
British Columbia Output-Based Pricing System (BC OBPS), which for 2025 is set at
CADB95 per tonne of carbon dioxide equivalent (tCO2e) (International Carbon Action
Partnership, 2024). This carbon pricing model incentivizes industrial emitters to
reduce GHG emissions through a performance-based system and offers flexible
compliance options, including BC carbon offset units and credits from approved
carbon removal or reduction projects under the Greenhouse Gas Industrial
Reporting and Control Act (GGIRCA), verified by accredited bodies (Clean BC,
2025). Notably, carbon offset projects in the forestry, ecosystem conservation, and
land use sectors accounted for the largest volume of carbon credits, despite a 66%

decline from 2022 levels in 2023 (Forest Trends’ Ecosystem Marketplace, 2024).

While the price of voluntary carbon credits in Canada fluctuates widely,
average offset prices typically range from approximately $5 to $30 per tonne (Forest
Trends’ Ecosystem Marketplace, 2024). This variability is influenced by factors such
as the type of carbon offset project, the carbon standard under which it was
developed, the project location, associated co-benefits, and the vintage year. For
this research, | utilized the price of $24 per ton of CO2e, reflecting the average price

paid by buyers in 2024

Stakeholder-Based Social Valuation

To effectively evaluate carbon sequestration and its future integration into
local programs to adapt to climate change, | sought insights from relevant
stakeholders with different connections to the territory in which the study area is
located. | conducted interviews to develop lasting local plans for ecosystem service
management (Kothari et al., 2013). | valued the perspectives of decision makers and
those with scientific expertise, land-use knowledge, and management experience
regarding the forest's carbon sequestration potential. This project component
followed a framework featuring the following key aspects: (1) early identification of
relevant stakeholder representatives, (2) continuous stakeholder participation, and

(3) questions tailored to the decision-making context (Gomez et al., 2023).
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| carried out semi-structured and conversational interviews with stakeholders,
all approved by the Thompson Rivers University Research Ethics for Human
Subjects Board. Each interview included 10-15 open-ended questions and prompts
(see Appendix A). | adjusted some questions based on each interviewee's
background. | gathered in-depth and highly personalized answers using semi-
structured interviews, allowing participants to control the information they shared. My
questions focused on participants' familiarity with carbon sequestration and their
perceptions of its ecological benefits. We also covered the viability of creating a
forested corridor along private areas and crown lands to enhance carbon storage
and ecological connectivity, the socioeconomic implications of increasing forest
areas in the valley, the implementation viability of a forest carbon offset project, and

government support for conservation initiatives.

To illustrate this process, a forest carbon project scenario was presented to
the interviewees to gather their perspectives on the community's willingness to
participate in such a project. This was followed by discussions on the current and
future challenges of forests in the valley on both private and crown lands. Moreover,
it was essential to understand a priori the structure of the community through key
questions like who depends on the forest, has formal or informal authority and might
be significantly impacted by changing land management? These questions are
crucial to obtain valuable insights about the land, wildlife, forest changes, or

traditional management practices.

| identified relevant stakeholders based on previous research conducted by
Thompson Rivers University graduate students in the valley (Bogetti, 2024; Patino,
2025). After interviewing four stakeholders, | recruited additional participants using
the snowball sampling method (“Snowball Subject Recruitment,” 2017). The
participants represented various stakeholder groups, including scientific researchers,
BC parks staff, non-profit employees or volunteers, forestry managers, tourism
operators, Clearwater District staff, and regional politicians. The details of the

interviews are shown in Table 1.5.
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Participant Position Interview Interview
date mode
Alsid Prime Director of Corporate Services at | 2025-01-22 Virtual
Clearwater District
Chance FireSmart Coordinator at 2025-01-22 Virtual
Breckenridge Clearwater District
Danielle Toperczer Program director at Thompson- 2025-08-06 Virtual

Nicola Conservation Collaborative

Stephanie Russell Conservation Specialist - South 2025-01-22 In-person
Strategic Priorities at BC Parks

Randy Sunderman Economic development consultant | 2025-01-17 In-person
and BC Greens member

Trevor Goward Co-curator of Lichens (University | 2025-01-15 In-person
of British Columbia)
Enlichened Consulting Ltd.
Upper Clearwater Valley resident

Tom Dickinson Emeritus Professor of Biology at 2025-01-26 In-person
Thompson Rivers University

Nancy Flood Professor Emerita at TRU 2025-05-30 In-person
President, BC Nature & Kamloops
Naturalist Club

Roland Neave Wells Gray Tours Owner 2025-02-05 In-person
Author of Exploring Wells Gray

Gy Ovenden Ecology consultant and Former 2025-02-23 Virtual
Wells Gray Provincial Park Guide

Catherine Armstrong | Ex-executive director The Land 2025-06-11 Virtual
Conservancy Trust

George Brcko General Manager of Wells Gray 2025-02-04 Virtual
Community Forest Corporation

Table 1.5 List of participants interviewed and their affiliations.

Before conducting the interviews, | invited each participant to sign a consent

form outlining the research scope and their rights regarding anonymity and
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withdrawal; all participants signed the consent form. None of the participants
withdrew from this research. | recorded each interview using the Microsoft Teams
TRU account or a recorder, transcribed them verbatim, coded the data accordingly,
and returned the transcripts to participants for verification. | verified the collected
data with individual participants to ensure reliability and accuracy before compiling
the research into its final form. | sent raw transcriptions to each participant for

review.

| analyzed the qualitative data from the interviews using the thematic analysis
method, creating codes for common themes identified and then analyzing them for
commonalities and divergent patterns (Elo & Kyngas, 2008). The themes included:
the effect of land-use decisions on prioritizing the benefits of carbon sequestration,
the biggest challenges for forest conservation, the viability of forest conservation and
restoration without a forest carbon offset project, local community willingness to
participate in a carbon offset project, the impact of this type of project on economic
activities, and government support for forest conservation. | included direct quotes
from interviewees in Chapter 3 of this thesis to ensure local voices are represented

as often as possible.

RESEARCHER POSITIONALITY

Several factors throughout my career have led me to propose this research
and select the approaches to address my research questions. | believe these
approaches can be adapted to other locations in the context of climate change with

appropriate sociopolitical adjustments.

My interest in landscape ecology began during my undergraduate studies in
biology in Colombia, where | examined how local socioeconomic dynamics influence
forest conservation, wildlife habitats, and land-use conflicts. My early research
highlighted the struggles of landowners in conserving endemic species amid
government pressure to expand cattle ranching. Later, through a graduate certificate
project, | explored land reclamation strategies to restore mined areas and create

wildlife corridors. Professionally, seven years as an environmental consultant in
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Colombia’s extractive industries gave me a contrasting perspective on balancing
conservation with regional development needs. More recently, my engagement with
carbon offset projects in Latin America revealed both their potential to incentivize
conservation and the challenges posed by complex certification processes and
unresolved land-use conflicts. These experiences further shaped my interest in

integrating ecological preservation with socioeconomic realities.

Consequently, | decided to leverage my experience through the use of the
scientific and socioeconomic approaches to the evaluation of the criteria for
designing a forest carbon offset project. The Upper Clearwater Valley is a region
where the local community is eager to engage in ecological connectivity efforts to
address local climate change impacts, such as wildfires. Community members are
also interested in the management of the forest to create habitats and enhance
carbon sequestration. My focus for this research is the decision-making and the
long-term continuity of the project through local community engagement. The
findings of this study are based solely on the participants' opinions and perspectives,
with minimal reference to my own ideas and only include the scientific and objective

economic analysis of the creation of a private protected forest in the valley.

OVERVIEW OF THE THESIS

This thesis is divided into three content chapters that cover the approaches
chosen to address the importance of carbon sequestration in the Upper Clearwater
Valley: the ecological, economic, and social dimensions. The first chapter describes
the opinions and perspectives of some of the relevant stakeholders of the area about
forest management towards carbon sequestration enhancement. The content
addresses some socio-political, economic and land use constraints that can occur
when attempting to create private protected areas to form an ecological viable forest

corridor.

The second chapter estimates the carbon sequestration capacity of the study
area based on the two complementary methods: a tree inventory-based carbon

sequestration model and a geospatial model based on remote-sensing data and
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machine-learning modelling. These results determine the ecological importance of
the area to be protected through private management and the magnitude of its
contribution to increase carbon sequestration in the specific area. It formulates
actions for carbon stocks enhancement in the short and medium term and its
considerations at the landscape scale as part of the buffer of the Wells Gray

Provincial Park.

The final third chapter evaluates the economic valuation of the study area in
light of provincial commitments to achieve carbon neutrality. It examines the
coherence of the social cost of carbon in relation to the region, comparing it to the
actual price per ton of carbon in both compliance and voluntary carbon markets.
Additionally, it assesses the economic viability of the area for participation in a forest
carbon offset project from a project management perspective and the strategies that

can be taken to maximize the project's ecological value.
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Chapter 2. The Social Value of Forest Carbon for Stakeholders in
the Upper Clearwater Valley

INTRODUCTION

The diverse forest values among stakeholders encompass features of a forest
that contribute to human physical wellbeing, non-material dimensions of quality of
life, and intrinsic benefits of a forest that exist independently of humankind (Connell
et al., 2017). This understanding is crucial to determine a project's potential benefits
or challenges because the subjective value of the forest depends on the
socioeconomic and geopolitical context and the personal connection to the land.
Therefore, acknowledging the benefit of diverse forms of knowledge provides a
firmer grounding in real-world operational conditions (Mota-Nieto & Garcia-Meneses,
2024a). The active stakeholder perspectives' involvement not only allows for the
resolution of individual concerns but also highlights key moments in decision-making
that can significantly impact outcomes (Haddad et al., 2015). By prioritizing
stakeholder engagement, projects can foster a more inclusive approach that
ultimately identifies pivotal decision-making points (Mota-Nieto & Garcia-Meneses,
2024b). Early consultation fosters trust and relationships between project managers
and the community. They also increase the likelihood of community support and
participation, thereby reducing potential resistance to risks (Santos-Martin et al.,
2013).

The unique geographical configuration of the Valley itself underscores the
necessity of this localized study. Its specific combination of mid-successional
forested areas in private lands connected to the protected old-growth forests of the
Wells Gray Provincial Park creates a territory with substantial, yet vulnerable, carbon
sequestration potential. Critically, this potential is already being partially realized by
a number of properties that have implemented forest conservation actions that
indirectly protect carbon stocks. These pioneering initiatives serve as a model for
engaging other properties across the valley. By building on these existing private

conservation examples, a broader project can create a vital ecological corridor,
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connecting fragments of private forests both with each other and with the adjacent
provincial park, amplifying carbon storage and biodiversity benefits at a landscape

scale.

The understanding of the social value placed on these natural assets by the
people who live within and manage this landscape is critical. The success of any
carbon project here depends entirely on local cooperation and perspectives, which
are shaped by the Valley's social dynamics and economic opportunities. | contend
that the Upper Clearwater Valley community recognizes the important ecological
value of the forest as a natural capital asset for local livelihoods, wildlife, climate
change adaptation, and economic activities. This understanding motivates them to
pursue strategies that support the carbon sequestration enhancement in private
forest fragments on private properties, despite the sociopolitical challenges and
ongoing forestry development in the region. This approach aims to prove that carbon
sequestration frameworks that are both ecologically and socially equitable can be
proposed as sustainable alternatives for the economic development of rural areas.
With the prioritization of the local voices, this study ensures that the specific socio-

ecological context of the valley is considered in shaping future decisions.

For that purpose, | identified relevant stakeholders based on previous
research in the valley (Bogetti, 2024; Patino, 2025). The main groups to which these
stakeholders belong were: academics, local government, external socioeconomic
and ecological consultants, and representatives from the main economic sectors:
forestry and tourism. | carried out semi-structured and conversational interviews with
stakeholders, and recruited additional participants using the snowball sampling
method (Kothari et al., 2013). The interviews addressed the socioeconomic
dynamics of the valley through the following key questions: 1) Do stakeholders value
the forest as a key tool to mitigate climate change through forest carbon
sequestration?; 2) What are the socioeconomic challenges a forest carbon project
could face in the Upper Clearwater Valley?; and 3) Does the regional government
play an actual role in decision-making on forest protection to mitigate climate
change? While this research is not an immediate feasibility project for forest carbon

protection, it is vital to establish a baseline for potential forest carbon management
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with local community participation. Understanding the community's priorities and
history improves credibility and complements scientific data to design a more

realistic carbon project.

INSIGHTS ON FOREST CARBON FROM STAKEHOLDERS IN THE UPPER
CLEARWATER VALLEY

The Role of the Forests in Climate Change Mitigation

The government has acknowledged that Canada's forests are crucial to the
global carbon cycle due to their vast size and the vast quantities of carbon stored in
vegetation, deadwood, and organic and mineral soils (Natural Resources Canada,
2020). Indeed, in the past few decades, progress in forest carbon science has
substantially contributed to policy development. Governments and other
stakeholders are interested in sustainable forest management to achieve economic,
social, and environmental goals, including revenue generation, employment, rural

stability, market development, and ecosystem conservation (Smyth et al., 2023).

Despite the government using the best available science to support its
policies, it has not achieved most of the intermediate greenhouse gas emission
reduction and protected areas expansion goals by 2025 (DellaSala et al., 2022).
This can be partly explained by the general population's low awareness of the
importance of carbon sequestration for climate change adaptation and mitigation,
which is deeply influenced by their scientific, traditional, or empirical knowledge
levels. During the interviews, only those who are part of Academia and work for
provincial-level organizations were familiar with carbon sequestration and its
interconnectedness with people and other ecosystem benefits. Danielle Toperczer,

Program Director of the Thompson-Nicola Conservation Collaborative, described:

| think that there's tremendous value in continuing to conserve alpine and
subalpine ecosystems for whatever value we're looking at, if whether it's
carbon sequestration. There's lots of co-benefits there too...biodiversity habitat,

soil health and productivity, and cultural values and recreational use.
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In this sense, Toperczer's appreciation considers that ecosystem services cannot be
disaggregated since they are increasingly important for measuring tangible and intangible

human benefits.

Nevertheless, the general public's understanding of carbon sequestration can
be addressed through the lens of relatable benefits daily, such as wildlife habitat
areas, water provision, and microclimate regulation, as expressed by the non-
academic stakeholders interviewed. These services are deeply interconnected with
carbon sequestration, which involves chemical fluxes (water and carbon to the air) to
regulate the climate and maintain wildlife habitats (Mota-Nieto & Garcia-Meneses,
2024b). This intricate web of ecosystem services underscores the issue's complexity
and importance. Hence, it is urgent to communicate the importance of carbon

sequestration as part of the new wave of actions for modern natural threats.

Considering carbon sequestration modelling and research are relatively
recent compared to other ecological processes associated with water and materials
provision, this is when forest carbon sequestration should be showcased in early
education as a key part of climate resilience. Nevertheless, the importance of the
Upper Clearwater Valley forest as a strategic location to enhance carbon
sequestration was acknowledged by some of the interviewees, such as Chance

Breckenridge, Clearwater FireSmart Coordinator (2025), who acknowledged:

In Wells Gray, we have a lot of old growth, we're so diverse as far as our
biogeozones here. It is such a biodiverse and sensitive area of Upper
Clearwater, it's definitely very important to keep a hold on that, keep a tight

ship on that conservation.

Breckenridge specifically mentioned the importance of the Wet Forest as an ecological zone
in BC. It encompasses the Interior Cedar-Hemlock zone, where the Upper Clearwater Valley
is located, and the Interior Douglas-Fir and Engelmann Spruce-Subalpine Fir zones, which
are fed by abundant rain and heavy winter snows. The Interior boasts more productive tree
species than any other ecological zone in the province (Thompson-Nicola Conservation
Collaborative, 2024).
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The Upper Clearwater Valley location is crucial to keep the continuity of the
forest within Wells Gray Provincial Park, which currently stores large amounts of
carbon. As Catherine Armstrong, Valley landowner and ex-director of The Land

Conservancy Trust (2025), explained:

A fire swept all the way through here 99 years ago, and brought everything
down to 0. So, this is a 100-year-old forest within the valley, is 100%
regenerated forest, it's mixed: deciduous and coniferous. | think it is
representative of the total value of that buffer in between the two legs of the

park.

Additionally, forest patches on private lands serve as stepping stones in fragmented
landscapes, facilitating species movement, enhancing biodiversity, and promoting forest
regeneration by facilitating seed dispersal, moderating the local microclimate, and stabilizing
the soil. This provides suitable conditions for sapling establishment (DellaSala et al., 2022)

that will have a high rate of carbon storage.

Therefore, managing these forest fragments in private lands represents a
unique opportunity to increase the carbon sequestration capacity. Trevor Goward,

Lichenologist, Upper Clearwater Valley resident (2025), emphasized:

When people understand that a forest that looks like a park, in our time, is a
forest that has more resilience than a forest that looks all broken up, then |
think that there's the very real possibility that something can be made to

happen.

In this sense, Goward highlights the importance of having forests in different successional
stages to ensure their resilience by exchanging genetic material to spread resistance genes.
A forest with early successional stage zones often contains more fire-adapted species, while
mature stages provide structural complexity that can slow fire spread (Antwi et al., 2023).
This ecological characteristic is particularly crucial to maintain in the valley, along the private
and crown lands, since in the last decades, wildfires and insect outbreaks have diminished

carbon sequestration potential, turning the valley into a temporary carbon source.

The interviews on the importance of forest carbon in the study area indicate

the need to strengthen awareness of forest carbon storage and sequestration with
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land managers and local decision-makers. This requires the strategic
communication of scientific knowledge appropriate to each stakeholder group's
priorities. Although participants generally recognized the value of ecosystem
services, carbon sequestration was not commonly framed within this understanding
by some participants. Using carbon sequestration as a key benefit provided by
forests can enhance stakeholder awareness and support for conservation and

management strategies.

Land Management Dynamics for Forest Carbon

Land-use management is a general concern that often arises in projects that
aim to maintain healthy forests with the capacity to sequester enough carbon to
compensate for local emissions (Environment and Climate Change Canada, 2024b).
Generally, the approaches used by each stakeholder to manage their land change
according to their interests (Kleinman et al., 2019). However, the integrated
landscape-based approach should be a general principle reigning over forest
management. This approach pursues the implementation planning and managing
human activities that focus on system-wide consideration; on composition, structure,
and functions of ecosystems; integration of management objectives across multiple,
temporal, and spatial scales; commitment to adaptive management; and dedication

to collaborative management (McAfee & Canadian Forest Service, 2008).

While the provincial and federal governments have incorporated the
integrated landscape-based approach into their policies, at the local level,
stakeholders have underscored a notable difference in the implementation level of
the approach for crown land resource exploitation, protected area planning, and
private land use. For instance, Stephanie Russell, Conservation Specialist - South
Strategic Priorities at BC Parks (2025), asserted:

Industries like forestry, range, they fall under the legislation they can use
recreational sites and trails, they usually remove trees. They have to either
avoid or mitigate these recreational sites and trails. So, it doesn't preclude

harvest or removal of trees over those, but it does, if they're designated.


https://dir.gov.bc.ca/gtds.cgi?show=Branch&organizationCode=ENV&organizationalUnitCode=SASP
https://dir.gov.bc.ca/gtds.cgi?show=Branch&organizationCode=ENV&organizationalUnitCode=SASP
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From her experience, forestry has targeted those areas due to their high value in terms of
natural resources. The use of crown lands by forestry demonstrates that requirements must
be met if the forest to be disturbed is classified for recreational purposes. In the Upper
Clearwater Valley, recreational sites are located within the interior Cedar Hemlock ecozone,
characterized by a high side index that grows exceptionally well (Gifford et al., 2022),

making it highly productive from the perspective of carbon sequestration enhancement.

As of 2023, BC’s land base encompasses approximately 95 million hectares,
with about 94% designated as provincial crown land (BC Ministry of Finance, 2023).
The province's protected areas system covers over 14 million hectares, representing
14.7% of the total provincial land base (BC Parks, 2024). Additionally, other
conservation lands such as wildlife management areas, ecological reserves,
recreation areas and conservancies, account for approximately 906,000 hectares,
representing 0.9% of the total provincial land base (Province of British Columbia et
al., 2023). These percentages indicate that many tenures are non-exclusive, to allow
overlapping uses, where the landscape-based approach could be applied for better
management. This configuration represents an opportunity for the governments to
prioritize crown lands in their conservation plans due to their high ecological value,

as they serve as powerful instruments of public forest policy.

Indeed, three sectors account for 98% of the total tenured and protected
areas: forestry, tourism and accommodation, and environment and public recreation
(Ministry of Forests, Lands and Natural Resource Operations, 2010). In the
Clearwater Valley, all sectors are well-represented and have operated for decades
with impacts on forest carbon through landscape transformation. For example, roads
enable workers and visitors to access areas of interest. Forestry has more extensive
and long-lasting environmental impacts due to large-scale tree removal and related
activities (Connell et al., 2017). In contrast, the effects of tourism tend to be more
localized and can often be mitigated through visitor capacity restrictions and
effective management (Li et al., 2024). It is crucial to implement effective strategies
in both economic sectors that ensure the protection of forests and the livelihoods of

local communities.
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For instance, in 1996, Wells Gray Provincial Park and other recreational
areas in Clearwater were extended under the expectation of increasing tourism in
the area as part of the economic development of the region (District of Clearwater,
2021). This has led to changes in land use, as Randy Sunderman, Economic

development consultant and BC Greens (2025), clarified:

Clearwater has already given up so much of the local crown area, probably

about 30% of the land is a protected area now.

Sunderman’s posture indicates that conflicts regarding the crown land, which could be
designated for conservation, tourism, or forestry, have persisted for a long time. Drawing
from his personal experience, it appears that certain decisions made by the local
government regarding land use are increasingly focused on leveraging forestry, as
conservation has been prioritized in previous periods. Other interviewees noted that many
residents have been advocating for the protection of the natural environment, a commitment
that has persisted for decades following extensive logging by large and local corporations.
The ongoing demand for forest protection is crucial, given that the repercussions of past
forestry practices have long-term effects that the already designated protected areas cannot

fully restore.

Consequently, bringing various alternatives for forest protection and
enhancing carbon sequestration are crucial. To consider any alternative viable for
conservation purposes under an integrated landscape-based approach, conflicts
must preferably be avoided with crown land management. Goward (2025)
emphasized that most of the private properties alongside the road in the valley only
encompass parcels of 10 acres. The remaining non-protected areas by the province
correspond to crown lands designated as recreational sites or used for forest
harvesting and management. Under this scenario, using forest patches in private
lands offers critical advantages for forest carbon sequestration within an integrated
landscape-based approach. Private parcels in the valley can fill spatial gaps
between the two sections of Wells Gray Provincial Park alongside the road by
connecting them and enhancing ecological corridors. This would reduce the
pressure and potential conflicts over crown land by achieving conservation

outcomes without needing public land reallocation or new regulations.
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Indeed, Alsid Prime, Director of Corporate Services at Clearwater District
(2025), suggested:

| don't see that there would be any pushback on that (new private forest
reserves creation). | don't see it necessarily happening because obviously
people want to get some sort of value out of it. It's not like we have a shortage

of land in the district of Clearwater.

In this sense, Prime agreed with the high likelihood of forest protection in the valley's private
zones. He also suggests that some people would expect to continue receiving economic
benefits from their land, as if they kept using it to generate revenue from forestry,
agriculture, or tourism. Nevertheless, according to interviewees, the designation of a new
protected area or an extension of an existing protected area does not seem likely in the

crown lands of the valley in the short term due to provincial-level priorities.

This interviewee’s opinion is supported by the lack of actions taken or
planned by the Clearwater District in its municipal development plan. Local decisions
for the development of the district’'s economy are pursuing tourism strengthening
and recovery of the local forestry industry (District of Clearwater, 2021). Natural
resources in crown lands sustain both economic activities, which implies that natural
ecosystems are the main natural asset that local government should manage to
guarantee the continuity of its services. Despite this, the Clearwater Development
Strategy (2021) does not mention any action to protect or manage additional

forested areas that allow forestry and tourism economic sustainability.

Although residents are aware of the opportunities for forest restoration in both

crown lands, Roland Neave, Wells Gray Tours Owner (2025), argued:

There is a long-standing dispute between the residents and the logging going
back to the late 90s. So, the areas that are mostly in dispute are now controlled

by the Wells Gray Community Forest.

This situation reveals the diverse perspectives that valley stakeholders have on the use and
management of ecosystem services and local governments' priorities in recent years for the

district's economic development.
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The implementation of conservation strategies that foster collaboration
between public and private stakeholders is essential to address biodiversity loss and
climate change. This includes programs for strategic acquisition and incentives to
align private lands with broader watershed and landscape restoration goals
(Environment and Climate Change Canada, 2024b). Managing crown lands is
crucial to create interconnected forest corridors that enhance carbon sequestration.
The government of BC is modernizing land use planning in partnership with First
Nations to balance population and economic growth with ecosystem health and
resilience to climate challenges (Government of British Columbia, 2025c). The
benefits of these strategies for private landowners and improved land use will likely

only be experienced in the long term.

Forestry Impacts on Carbon Sequestration in the Valley

The forest industry was once the most important economic activity for rural
communities in BC. Its footprint has been in a long and steady decline since the
1980s (District of Clearwater, 2021). Several environmental and socioeconomic
reasons led to the closure of mills in recent decades. These include: beetle-killed
timber running out, higher intensity and severity of wildfires, regulatory shifts like old-
growth forest moratoriums, high harvesting fees, and rising pressure to return land to
Indigenous stewardship (UNIFOR, 2024).

The provincial government decided to involve local communities more directly
in forest management through a network of Community Forest Agreements, a type
of forest tenure introduced in 1998 (Haley & Nelson, 2007). This policy was also a
direct response to give back the territory and its natural resources to local
communities, since they expect to manage land within a framework that meets local
needs. As Nancy Flood, Emeritus Professor at Thompson Rivers University and
Kamloops Naturalists Club President (2025), stated:

There are lots of forestry private groups, including First Nations, that own forest

licenses in the valley, and | think that's the biggest issue. The community forest



55

is part of that, | think they are trying to do it sustainably, economically and

ecologically.

For Clearwater, particularly, the decrease in the industry presence was unprecedented. In
2019, the last large sawmill in the Clearwater area, Canfor’s mill, closed, losing 175 direct
jobs. With most of the fibre now moving outside the community (District of Clearwater,
2021). There was a time when the Wells Gray Community Forest Corporation took on even
greater importance in the area. This corporation was formed in 2006 and is a citizen-owned
forest in Wells Gray Country. It manages 13,148 hectares of land with an Annual Allowable
Cut of 29,900 cubic meters of timber, providing jobs and revenues for the community (Wells

Gray Community Forest, 2023).

The Wells Gray Community Forest Corporation states that its mission is to
manage the forest, focus on long-term sustainability, environmental stewardship,
and support local industries (Wells Gray Community Forest, 2023). They utilize the
framework that the Canadian Council of Forest Ministers developed to achieve this.
It consists of six criteria and 46 indicators that define and monitor sustainable forest
management in Canada. The criteria are: Biological Diversity; Ecosystem Condition
& Productivity; Soil & Water Conservation: Role in Global Ecological Cycles;
Economic & Social Benefits; and, Society’s Responsibility (Canadian Council of
Forest Ministers, 2022).

These principles reflect a vision aimed at balancing environmental integrity,
economic viability, and social well-being in decision-making related to harvesting.
Despite this, the Wells Gray Community Forest Corporation does not recognize
carbon sequestration as a strategic principle (G. Brcko, personal communication,
February 4, 2025). This approach would require leaving a large part of the licensed
area not recently disturbed to capture carbon and offer habitats for wildlife, and
avoid sudden changes to ecological processes. The Wells Gray Community Forests
acknowledges the importance of forest protection and, if feasible, intends to lock
boundaries around areas adjacent to the park to recognize their high value, mature
wood, and the importance of public access (G. Brcko, personal communication,
February 4, 2025). Conversely, according to other interviewees not linked to forestry,

residents and recreational area users perceive that the past and current logging
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results are inconsistent with the community forest corporation's posted criteria for
designing its harvesting plan. As Tom Dickinson, Biologist - TRU Emeritus professor
(2025), declared:

There is uncertainty regarding whether the community forest’s current
harvesting rate aligns with sustainable growth models. Traditionally, forest
management involved rotating harvests across designated patches, ensuring
each area reached a specific age before being cut again. If the designated age
for harvesting is set too short, the ecosystem may not fully recover or sustain

its ecological functions.

Even selective logging creates openings in the forest canopy and increases
the amount of "edge habitat". This is the boundary between the forest and the
cleared or disturbed area. Forest edges are hotter, drier, and windier than the forest
interior. This "dryness" and heat can penetrate deep into the protected area,
stressing species that rely on cool, moist, stable conditions and letting generalist
species conquer altered environments (Haddad et al., 2015). From the socio-political
perspective, the continuity of forestry in areas with high ecological value, like the
valley, can weaken the natural boundary. This is a socio-political and economic risk.
The existence of logging infrastructure and a local workforce dependent on the
industry can create powerful lobbying forces to open up the protected area itself for
resource extraction, arguing it is necessary for jobs and the local economy (Bernard
et al., 2014). Thus, the use of forest resources should prioritize meeting local
community needs and developing sustainable economic alternatives instead of

focusing on intensive forestry. As Goward (2025) states:

A populace that sees the advantages of interacting with their forest ecosystems
in a way that gives resilience. | think that would have long-term ramifications for

the economy of the area, but through tourism, not through logging.

Since the Wells Gray Community Forest is the only company harvesting in
this area, it is important to note that they have a smaller portion of land to harvest
than the licenses that big companies used to exploit. From this perspective, the

provincial government's decision to allocate most of the unharvested crown lands to
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the community forest corporation reduced the local environmental impacts. As

Sunderman (2025) expressed:

You're dealing with a community that still has a lot of expertise and experience
in forestry. And the other thing is they've lost so much there, and there are

aspirations of getting back some of the things that they've lost...

Balancing social responsibility with the local community's needs, such as maintaining
employment and investing in social and cultural initiatives, alongside environmental
commitments, presents a substantial challenge. Furthermore, the local community has deep
connections to the forestry industry, which has recently experienced economic hardships
due to international tariffs (District of Clearwater, 2021). Despite a strong recognition of the
importance of forest conservation, the local support for forestry remains substantial in the
region.

From 2000, some public policies across the country have seen a shift away
from economic concerns towards greater emphasis on environmental protection,
biodiversity, endangered species habitat and ecosystem integrity, that were barely in
the lexicons of forest policymakers and managers a few decades ago (Haley &
Nelson, 2007). There are several recent and ongoing initiatives in BC to advance
adaptation in the forest sector. Since 2015, BC Ministry of Forests, Lands and
Natural Resource Operations has played a strong role in setting objectives for
resource management and adaptation, to develop a climate change strategy and
facilitate adaptation efforts led by First Nations, community forests, and forest
professionals (Gifford et al., 2022).

This diversification of strategies to keep the forestry industry economically
sustainable at a smaller spatial scale will inevitably push some people who have lost
their jobs in forestry to rely on different economic activities. Measuring economic
diversity and regional income dependency as a result of crown land activity provides
insight into the social and economic resilience of the province and its diverse
regional landscape. The more diversified a community’s economic base, the more
likely it is to sustain itself through volatile economic times (Ministry of Forests, Lands

and Natural Resource Operations, 2010).
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Forest Carbon and Tourism

Tourism fundamentally derives its benefits from the recreational ecosystem
services provided by forests, leveraging their aesthetic and experiential value for
economic gain. The long-term viability of this relationship hinges critically on the rate
and manner of touristic development, especially in areas of high ecological value.
This is underscored by research that demonstrates that nature-based tourism relies
significantly on the aesthetic value of natural landscapes, a value directly threatened
by unregulated tourism and land use changes (lversen et al., 2021). The challenge
is particularly salient in regions where governments promote intensive economic
growth through increased visitor numbers in rich natural areas, as the Canadian
federal government has done (Government of Canada, 2025a). The complex
relationship between these factors underscores the necessity of an ecosystem
services framework within land-use planning to identify trade-offs and promote
sustainable tourism practices that do not compromise ecological integrity (Li et al.,
2024).

Tourism in Clearwater has been developed as an industry with a low impact
on nature, as most visitor-appealing activities rely on observation and enjoyment of
the forests. For example, some tourism operators offer guided wildlife and
birdwatching tours in the North Thompson Valley, which focus on species such as
bald eagles, bears, bighorn sheep, and loons (Davison, 2023). Wells Gray
Adventures offers low-impact adventures: hut-to-hut hiking, canoe trips, and nature
walks that use existing trails and waterways (Briggs & Eakins, 2024). Similarly,
numerous water tourism operators run interpretive canoe, kayak, and boat tours on

Wells Gray’s lakes and the Clearwater River (Interior Whitewater Expeditions, 2025).

These activities indirectly contribute to the conservation of carbon stocks as
they avoid building new roads or clearings, minimize soil disturbance, and maintain
the canopy integrity through hiking, paddling, or guided walks. It is essential to look
at where these activities are being conducted in the valley. As Russell (2025)

clarified:
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Some of them (tourism operators) use their own private land, the park, Crown
Land that's been designated as a rec site. So, these areas already exist, they
are not legally protected areas, but formally protected areas by private

landowners.

Her point supports the statement that tourism has taken place in all the spatial settings the
valley offers visitors, including various types of land uses. This indicates that the protection
of forests is already occurring, thereby envisioning the capacity and potential of tourism in
the area. Such expansions secure forest landscapes for tourism and lock in their climate
benefits in areas other than protected areas, as the land use will allow for other activities

according to its spatial configuration.

Several aspects should be considered when planning a new forested area
that combines tourism and conservation. These include the landscape's aesthetic

appeal to attract tourists. As Dickinson (2025) proposed:

Some people won't come back for a second visit because they didn't like what
they saw the first time. And maybe if the visitors are just seeing that there is a
change, not only in the park but around the surroundings, they will say this

place has a higher value.

His insight partially reveals the current diversification of land use that the valley faces in
crown lands, which will inevitably alter the landscape as it approaches protected areas. In
general, forest fragmentation can alter the aesthetic appeal of natural landscapes, which
can affect activities such as hiking, birdwatching, and photography, reducing the quality of
recreational experiences (Li et al., 2024). This disruption may lead to a loss of scenic value

in the area, which tourism operators highly value. As Flood (2025) discussed:

There's a certain number of people who like to go to places that are protected
and have a scenic appeal. We could probably increase more wilderness
tourism if we can get protected a reasonable number of trees, a balanced
forest.

Flood’s thought elucidates how discontinuity can be perceived by not only the local

community in the aesthetic dimension but also has impacted ecosystems' capacity to deliver

services.
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Fragmented forests reduce biodiversity, making it challenging for ecotourism
operators to provide wildlife-viewing experiences. For instance, habitat
fragmentation has been shown to reduce biodiversity by 13% to 75%, impair key
ecosystem functions and diminish the appeal of tourists seeking rich wildlife
encounters (Haddad et al., 2015). In addition, as the valley encompasses private
lands embedded into crown lands and designated protected areas, the discontinuity
in the forest has also caused detriment to the water supply, soil quality and disrupted
nutrient cycles (Haddad et al., 2015). These phenomena affect the natural
environment, community livelihoods, and tourism. Many tourist activities depend on
the health and stability of the forest and the water supply for private properties,

especially those with accommodation and tourism infrastructure.

Another natural consequence of forest fragmentation is the trigger of
successional processes, which involve colonizing generalist plant species in recently
logged areas. Gy Ovenden, Ecology consultant and Former Wells Gray Provincial
Park Guide (2025), identified an advantage for tourism when a successional stage

started in the valley:

The forest in the valley makes really attractive for us (touristic guides) to take
people through because it has a lot more deciduous trees. So, it's better for
diversity of bird and plant life. There are certainly opportunities to improve

wildlife viewing in that area.

Ovenden has observed that changes in wildlife movements can enhance
tourism in areas impacted by wildfires. In many cases, deciduous tree species
become dominant after disturbance, altering the entire dynamic of the area, as each
plant species has specific evolutionary relationships with pollinators, changing the
trophic chain and carbon cycling (Chen et al., 2024; Mina et al., 2022; Payne et al.,
2019). In contrast, human disturbances, such as logging and agriculture, can
interrupt these natural recovery processes, making ecosystems more vulnerable to

additional disturbances (Kleinman et al., 2019).

In opposition, Neave (2025) explained that:
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Most of the land in Upper Clearwater are small acreages. So, there isn't a
whole lot there that would expand tourism. | can't think of any properties in the
valley that could have a tourism element other than bed and breakfasts or
lodging.
His perception aligns with the notion that only large land extensions can substantially
enhance ecosystem services or create viable tourism businesses. The creation of a large
corridor with connected forest patches along multiple land-use parcels in the Upper
Clearwater Valley could serve tourism to generate different alternatives for hiking routes or
even include educational tours. From a visually appealing perspective, a notable corridor
visible from the lookout spots in the valley could add value to tourism. Indeed, visitors and
local governments pay close attention to the harmonious integration of architectural style
and surrounding environments, where forestry, agriculture, and conservation coexist, to

promote a tourist site (Connell et al., 2017; Howe et al., 2014a).

Wells Gray Provincial Park is a remarkable asset for the tourism sector in
Clearwater, showcasing remarkable natural features that appeal to a diverse range
of visitor markets from regional, national, and international backgrounds (District of
Clearwater, 2021). Despite BC Parks’ commitment to conservation, the current
management plans for Wells Gray Provincial Park are outdated and do not
adequately reflect the park’s tourism potential or the economic opportunities it could
offer local communities. There is a clear opportunity to strengthen both tourism and
conservation efforts—especially in the buffer zone, where forest patches could
enhance ecological connectivity. At present, however, the municipality’s emphasis

on forestry may limit the development of future tourism initiatives in the region.

Evaluation of Governmental Support for Forest Carbon Sinks

Various government authorities in Canada have different responsibilities and
scopes regarding jurisdictional scale in support of forest carbon sequestration as a
nature-based solution for climate change mitigation and adaptation. From this
perspective, each level of authority plays a particular role in the forest carbon

enhancement, to provide general guidelines or local regulations to assess the
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viability of creating a managed or conserved area that increases the forest's carbon

sequestration capacity.

The federal government provides science and policy expertise on national
forest sector issues, funding for nature-based climate solutions, and access to
models like CBM-CFS3 (Carbon Budget Model of the Canadian Forest Sector), used
to estimate carbon sequestration potential, and lastly, reports on carbon stocks and
fluxes in forests as part of Canada’s Greenhouse Gas Inventory (Natural Resources
Canada, 2024). Access to federal government data provides a starting point for
understanding the current state of carbon storage and sequestration in a particular

area based on national-scale models.

The provincial and territorial governments have authority over the
conservation and management of provincial and territorial lands through the
development and implementation of climate policy. Notably, the BC Ministry of
Forests has implemented initiatives that fund forest carbon, such as the Forest
Enhancement Society of BC (Government of British Columbia, 2024a), facilitates the
participation of carbon projects in the carbon market, manages rights for timber
harvesting, and sets conditions that can incentivize sustainable practices and carbon
storage (Ministry of Forests, 2020). The Ministry of Environment and Climate
Change Strategy tracks carbon emissions and sequestration in the Land Use, Land
Use Change, and Forestry sector and oversees protocols for forest carbon projects
under BC’s Carbon Neutral Government Program and compliance market
(Government of British Columbia, 2024a).

BC’s municipal, regional, and Indigenous governments are important drivers
of climate change adaptation. They may incorporate forest conservation and carbon
sequestration into land use planning and climate adaptation strategies. They are well
placed to identify local vulnerabilities and address equity issues, implement
appropriate actions and integrate disaster risk reduction and climate change
adaptation (Council of Canadian Academies, 2022a). Local governments still face

numerous challenges, such as the lack of mandated use of historical and projected
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climate change information and specific change scenarios in the decision-making of
adaptation strategies (Gifford et al., 2022).

Government reporting on forest management responses to climate change
comes from industry sector reporting. There is a scarcity of literature specifically
reporting on the forest sector, as only a minority of researchers differentiate between
site, stand, and landscape-level approaches to manage climate impacts in the forest
(Antwi et al., 2023). Local governments bear the direct impacts of climate change
and must address their communities’ unique needs with limited resources and
legislative authorities. The District of Clearwater has committed to promote
cooperation in the management of crown land areas and resources for multiple and
public uses, conserve wildlife habitats and environmentally significant areas, and
manage hazard lands to protect resources and avoid their inappropriate use (District
of Clearwater, 2023).

The protection of the environment and natural capital in rural communities such as
Clearwater can be realized through effective land use management and the adoption
of nature-based solutions for climate change adaptation. A critical factor in this
process is securing the necessary financial resources, as well as the willingness of
decision-makers to prioritize these strategies and the support of the local

community. As Sunderman (2025) stated:

The district of Clearwater doesn'’t really have the levers to go outside of their
district to be involved, even though they can advocate for how Wells Gray Park

is run. Municipal governments really rely on property taxes to get new revenue

Sunderman emphasizes that there are decisions that could affect the Clearwater community
but are made at higher levels of government. These decisions influence the development
and implementation of programs that respond to jurisdictional restrictions and the
municipality's budget. These financial challenges are compounded by the hurdles that are
placed on local governments through legislation that has, at times, failed to keep up with the
types of issues, such as climate change, that modern cities and towns in BC are grappling
with (Carrie Moffatt, 2020).



64

In addition to the insufficient financial capacity of municipal governments,
some policies can serve as either enablers or barriers to climate change adaptation.
Prime (2025) expressed the possibility of the implementation of a carbon storage

enhancement solution for climate change in the Clearwater District:

Natural asset management is my role, but there was no political will to
recognize those forest areas as assets—for carbon storage—that we should

protect.

Prime identifies a barrier coming from mismatched priorities among government
decision-makers that impacts climate change adaptation strategies. This issue has
been highlighted by the Community Charter's stipulation that environmental
protection is a shared jurisdiction between provinces and municipalities. Unlike most
municipal laws in Canada, bylaws under this authority need ministerial approval, and
this limits local governments' autonomy (Carrie Moffatt, 2020). As a result, resource

managers lack assurance of support for their adaptation decisions.

Apart from that, it is essential to analyze how land managers operate under
government authorities' rules based on their role. Private forest owners, whether
they are small woodlot owners, often have their own management objectives (Smyth
et al., 2023). In contrast, forestry companies have environmental and operational
responsibilities through legal arrangements with provincial and territorial
governments. In cases where industry operates on crown land, differences in
perspectives between the government and the forest industry can influence how
climate-related risks are assessed and which industry incentives can mitigate those
risks (Gifford et al., 2022).

George Brcko from the Wells Gray Community Forest Corporation
emphasized that BC is transitioning to a landscape-level planning approach, which
implies a significant change in forestry practices. This new framework will
discourage logging from boundary to boundary to encourage alternative practices
that promote ecological connectivity in the Upper Clearwater Valley. It is important to
note that historically, industry and government have prioritized short-term interests,
often driven by high discount rates (Gifford et al., 2022). Even though the
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corporation's operations will be subject to government approvals, compliance, and
enforcement, records have shown that laws tend to favour forestry due to its
economic importance in international tariff crises and climate change fight like the

present one (Personal communication with T. Dickinson, 2025).

Even when governments use a lower rate to evaluate future costs and
benefits, they often still undervalue the future, which makes it challenging to justify
government investments due to serious long-term risks (Canadian Council of Forest
Ministers, 2022). This short-term focus is reinforced by the region’s historical
dependence on resource extraction, which has shaped local institutions and limited
their ability to adapt or diversify (Connell et al., 2017). As a result, many workers
remain tied to traditional resource-based jobs and face challenges to transfer their
skills to new sectors. To address these systemic constraints will require a shift in
economic structures to empower municipalities with greater access to resources and
legislative authority, thereby enhancing their ability to meet climate targets and

respond effectively to the climate crisis (Carrie Moffatt, 2020).

In this context, effective climate change action depends on collaboration
between scientists and policymakers to integrate diverse perspectives. The long-
term nature of forestry programs, however, makes it difficult to measure progress
over time. To overcome these challenges and avoid inaction amid rapid change, it is
essential to turn both to scientific and traditional knowledge in ways that produce
concrete strategies that protect Canada's forests and forest-dependent communities
(Antwi et al., 2023). Notably, with their smaller scale and localized reach, local
governments are uniquely positioned to act quickly and responsively to climate

change's impacts on their respective regions (Carrie Moffatt, 2020).

The Willingness of the Local Community to Enhance Carbon Sequestration

The Clearwater municipality's most important economic activities are
agriculture, tourism, and forestry. The distribution of the labour force is as follows:
24% for sales and service occupations, 16% for trades and transport occupations,

14% for natural resources and agriculture occupations, and 8% for both natural and
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applied science, as well as education occupations (Government of Canada, 2016).
The land use categories mapped in the valley include agriculture, wetlands, young
forests, selectively logged areas, and timber harvesting within the past 20 years or
older (Province of British Columbia, 2025).

Given the socio-demographic information and the scope of this research, |
anticipated that conflict could occur between different forest functions at the
stakeholder level. Subsequently, | asked the participants if there was any potential
land-use conflict between the land managers. In the hypothetical case of a new
forested area established for conservation, a better understanding of these tensions
may help anticipate potential conflicts arising from new ecotourism developments,

improve stakeholder communication, and, hopefully, mitigate conflicts.

The population of the Upper Clearwater Valley is less than 500 people
(District of Clearwater, 2021). Most of the private landowners living there use this
kind of property for residential and small-scale agricultural purposes. 59% of crown
land in the valley is used for forestry, under the licenses of the Wells Gray
Community Forest Corporation (BC Data Catalogue, Land Ownership and Status
Provincial Map Layer, 2025). Importantly, several new landowners in the valley
belong to a different generation from those who grew up with forestry as the main
economic activity in the valley. According to the 2016 Census in Clearwater, most of
its residents are 40—69 years old, with a median age of 47.5 years. People in this
age group grew up before climate change and sustainability were central topics,
even though they have a strong connection to land, farming, or resource industries.
Therefore, some interviewees feel a moral responsibility to leave a habitable planet

for future generations, which motivates them to support environmental action.

The Upper Clearwater Valley offers a natural landscape that can be utilized to
obtain diverse benefits through landscape-based management. Most interviewees
agreed that the landowners near the park either live there because they share a pro-
nature mindset or are currently using the territory. They are cautious about changes

that seem to threaten their livelihoods. They are aware of the valley's invaluable
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natural resources and its potential to guarantee economic stability through less

impactful activities such as tourism.

Given this deep-rooted interest in the forest, many landowners are exploring
practical ways to maintain their natural surroundings while enhancing carbon
sequestration. Landowners have planted longitudinal forest fragments to guarantee
the privacy of the property (Chance Breckenridge, personal communication, January
22, 2025). This demonstrates that residents of the valley value their surrounding
forests in equal regard to their land. It also presents an opportunity to further boost
carbon sequestration through the implementation of live fences. Utilizing native or
well-adapted tree and shrub species and land-use practices in these live fences can
not only increase carbon storage but also improve soil health and offer various

ecological benefits (Aryal et al., 2022).

Studies by the United States Department of Agriculture have found that the
presence of forests and wild areas can contribute significantly to community
character, cultural and economic diversity, resource dependence, attractiveness to
business, quality of life, and civic leadership (Wilson, 2019). The interviewees
highlighted these profound benefits in promoting community cohesion, stability and
resilience because of the interconnectedness of ecological health and social well-
being. They also recognized that the economic dimension is paramount. When local
industries thrive, environmental sustainability and cultural vitality tend to flourish as

well.

Understanding the community's needs and values can help anticipate these
issues and co-develop solutions. For instance, potential participation in monitoring
and opportunities for local employment in restoration or conservation work can be

part of the solution. Armstrong (2025) expressed some of these concerns:

In private land, some of the owners do forestry or ranching. Both are historical

heritage features, since when the pioneers who came here 102 years ago.

She underscores how some valley residents historically have made money from their
vegetation cover clearing indirectly, whether by keeping the forest intact or managing it for

agricultural systems. Most of the interviewees manifested an explicit interest in protecting
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the forest while contributing to the economic growth of the valley. It is then imperative to
economically support environmental initiatives. Forest carbon projects provide financial
incentives for forest conservation and restoration efforts. They can also raise concerns
about job security, restrictions on land use, operational management and long-term
profitability.

Two forest carbon project scenarios (with and without carbon offsetting) were
presented to the interviewees to gather their insights and anticipate conservation
challenges in the valley. The first scenario presented comprised only conservation
and private management of forest fragments and corridors, while the second one
included the generation of carbon credits, each representing a metric ton of carbon
dioxide removed from the atmosphere. During the interviews, four main topics
emerged regarding the viability of either of the two project scenarios: 1) whether the
demographic shift in the valley population could favour the development of the
project; 2) personal limits for the commodification of forest conservation; 3) the
feasibility of the project with the current forest size in private lands; and, 4) the local
community's stance on the project. In general, the interviewees believed there would
be a positive response to a forest carbon project in the valley that was primarily
oriented to a carbon offset project. This was in part due to how private landowners
who value the forest fragments within their properties could benefit financially

through conservation and management of the landscape.

Indeed, Breckenridge (2025) informed that some conservation efforts are

already ongoing in the valley through the implementation of FireSmart actions:

People are doing some selective thickening and spacing on their properties

and trying to mitigate the fire hazard and still retain most of the crown closure.

The insights from Breckenridge and the maijority of the interviewees highlight a critical
observation: landowners have, in essence, contributed to enhancing carbon sequestration
indirectly. This is particularly noteworthy because there are already dedicated individuals
actively engaged in the stewardship and preservation of forests across private lands, on a
smaller scale. The FireSmart strategy (Canadian interagency Forest Fire Center, 2025) is a
set of principles and actions designed to reduce the risk of wildfire damage to homes and

communities. While its primary goal is not carbon sequestration, its implementation directly
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and indirectly contributes to it by promoting resilient forest ecosystems that are better at

storing carbon over the long term.

Direct FireSmart actions, such as creating defensible space and conducting
strategic forest thinning, directly contribute to carbon sequestration by protecting
existing carbon sinks. These measures remove dense underbrush and ladder fuels,
which reduces the risk of high-intensity wildfires that would otherwise combust
mature trees and soil carbon, releasing vast stores back into the atmosphere
(Canadian Interagency Forest Fire Center, 2025). By preventing this catastrophic
carbon loss, FireSmart actions ensure large, carbon-rich trees survive, and the
resulting healthier, less dense forests allow the remaining trees to grow more
vigorously, enhancing their capacity to pull carbon from the air. Indirectly, these
practices help the landscape recover more quickly after a fire by preserving seed
sources and soil integrity, allowing the forest to return to being a carbon sink sooner
(Pais et al., 2020). Furthermore, by preventing stand-replacing wildfires, FireSmart
secures the long-term potential of the forest to continuously sequester carbon

(Canadian interagency Forest Fire Center, 2025).

There is a crucial factor that makes a forest carbon enhancement project

socially viable for the Upper Clearwater Valley in the words of Prime (2025):

| think that one of the biggest key takeaways is definitely a shifting
demographic and mentality, the logging industry used to build this town and
then, in 2017, the mill shut down.

Prime accentuates that the generational shift in the valley population represents a higher
probability of project acceptance as a forest carbon offset, considering the urgency to find
better economic opportunities to safeguard their territory and manage it to accumulate even
greater benefits from the forest in the future, in the context of climate change. Ovenden
(2025) also elaborated:

Clearwater is a community built primarily on the forest industry, so people
generally view the forest as something that can be monetized and exploited.
So, in a way, the carbon offset project is offering a way of monetizing the value

of forest without actually removing the trees.
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His perspective on the opportunity to implement a forest carbon offset project illustrates how
some landowners might initially perceive the trade-offs of participating in this project, to
balance the economic benefits a different practice could provide against the personal value

they place on the forest.

The possibility of developing a forest carbon enhancement project without
relying on the figure of a carbon offset project was broadly considered by the
interviewees, considering their current desire to work independently for wildfire
protection. Still, the non-offset-based policy and incentive strategies for enhancing
carbon sequestration focus on direct support, regulation, land-use planning,
promotion of low-carbon farming techniques, and ecosystem stewardship from the
government. There are some provincial options available, such as Forest Landscape
Plans (Government of British Columbia, 2025d) and Incentives for Agricultural Land
Use Changes (Ministry of Agriculture and Food, 2022). Alternatively, there is funding
for operations and maintenance activities on lands owned and managed by non-

governmental organizations in BC (Habitat Conservation Trust Foundation, 2025).

While most interviewees were open to government or Non-Government
Organizations (NGO)-led management under these programs, they also raised
concerns about tight timeframes, intense grant competition, and how long-standing

the program would be in the medium term. As indicated by Dickinson (2025):

| think ecosystem services payments or tax relief are part of an idea that, it's
ebbed and flowed with the politics. You could see it very clearly that the best

conservation came when economic times were the best.

His perspective mirrors a broader trend that has emerged, particularly in light of global
political uncertainty and the challenges imposed by economic inflation, as he states. Given
this context, it becomes clear why individuals prefer privately managed initiatives that
operate independently from government supervision when it relates to their property’s
resources. This approach provides them with a greater sense of economic security and

stability.

The biggest concern expressed by the interviewees was the feasibility of a
carbon offset project at the current spatial scale. If it were a larger area, a higher

number of carbon credits would be issued to maintain the project's operations.
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Generally, the current size of the forests already protected in private lands outside
the provincial park was perceived as insufficient to obtain the financial resources to
implement all the restoration, reforestation, and management practices necessary to

improve the forest and enhance its carbon sequestration capacity.

However, there is hope in the way the project could be shaped, as Toperczer
(2025) suggested:

When | think about larger parcels, they hold tremendous value. But for
landscape connectivity, every parcel matters. Parks are key areas that
corridors need to connect to and feed back into. If you can combine several 10-

hectare parcels into one project, you can create more value

Land Trusts and organizations like BC Parks (Personal communication with Stephanie
Russell, 2025) share the approach of starting from small parcels and using them as stepping
stones to create forest corridors or fragments that can be ecologically functional and support
all the ecosystem services. Thus, a forest functions as a system with several living

individuals interconnected rather than as an agricultural parcel.

According to the carbon offset project verifier organization Verra, there is not
a strict minimum area to implement a project, but economic feasibility usually
dictates a minimum of 100-200 hectares (250-500 acres) for forest projects.
Smaller projects may not generate enough credits to offset monitoring and
verification costs (Verified Standard Carbon, 2020). The Upper Clearwater Valley
community can consider various options to create a large area by uniting strategic

portions of multiple landowners' properties. For this purpose, Neave (2025) stated:

We own 300 acres up there. So, we're certainly very interested in seeing that

the mountainside is preserved because we get our water from there.

Collaborations have the potential to create a more effective land use strategy. Involving a
prominent member of the community, who also plays a crucial role in the local tourism
economy, would provide strong backing for the project. Therefore, his participation could

encourage other landowners to participate, foster wider interest and support for the initiative.

To expand the project to additional properties, the Wells Gray Community

Forest Corporation has reaffirmed its commitment to forest conservation that
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benefits the local community. While certain areas within their crown land licenses
are logistically difficult to harvest, they play a vital role in watershed protection and
function as wildlife corridors. Yet, the terms of their timber supply agreements restrict
participation in carbon offset projects (G. Brcko, personal communication, February
4, 2025). Community Forest Agreements primarily focus on timber rights, and do not
automatically confer the right to monetize atmospheric benefits, such as carbon
sequestration. To participate in carbon offset projects, communities must secure an
Atmospheric Benefits Sharing Agreement with the provincial government (Cline,

2024). This remains a clear barrier.

With the potential addition of new land, coupled with the existing protected
areas owned by The Land Conservancy Trust, Thompson Rivers University,
Edgewood Blue, and forest fragments from various private properties along
Clearwater Road, there is an opportunity to establish a substantial and
interconnected habitat. This expansive area would not only significantly enhance
carbon sequestration efforts but also function as a crucial corridor for wildlife

movement to allow various species to thrive and navigate safely between habitats.

CONCLUSION

The social value of forest carbon in the Upper Clearwater Valley is integrally
tied to the diverse perspectives and needs of stakeholders invested in these forest
fragments, which are located on both private and crown lands. The insights gathered
from the interviewees underscore that stakeholders not only view forests as critical
tools to mitigate and adapt to climate change through carbon sequestration but also
recognize their role in supporting the valley's economic activities. Due to
jurisdictional constraints on land management and interviewees' perceptions, the

use of private land proved to be the most viable choice for creating a forest corridor.

Notably, the Clearwater district's FireSmart program has been implemented
on some private lands, which indicates a precedent of landowners interested in
landscape-based management and, thereby, enhancing carbon sequestration.

FireSmart actions shift the forest paradigm from one of dense, fire-prone stands



73

vulnerable to catastrophic carbon loss, to one of resilient, lower-density stands
dominated by large, healthy trees. In essence, FireSmart not only increases carbon
sequestration; it secures the vast amounts of carbon already stored in forests and

ensures they can continue to sequester carbon for generations to come.

The reinforcement of the FireSmart program with a carbon sequestration
approach would undoubtedly increase the awareness of this ecosystem service and
would facilitate the implementation of a more complex project that could cover a
larger area. To understand why this multifaceted value is essential to inform project
implementation and enhance stakeholder engagement can lead to improved
communication and the potential resolution of conflicts arising from varying land-use

priorities. It's a critical investment in both community safety and climate stability.

The dual roles of forestry and tourism play a crucial part in expanding high-
carbon sequestration areas within the valley. Currently, local forestry companies
manage approximately 60% of the crown land in the valley, which is linked to Wells
Gray Provincial Park and private forest patches along the roadway. The extent of the
area licensed for logging constitutes a substantial portion of the forest that can be
strategically managed to enhance carbon stocks, as it fosters ecological
interconnectedness. Through the revision of their current harvesting practices and
adoption of landscape-based approaches as outlined in the province's sustainable
forestry practices, these companies could make a substantial contribution to forest
resilience and connectivity. In parallel, tourism would thrive as it capitalizes on the
private forest fragments in the buffer area of Wells Gray Provincial Park. This unique
landscape allows for a combination of low-impact recreational activities and
conservation, to create a rich experience for visitors while simultaneously in support

of health ecosystems.

The involvement of regional government in decision-making processes plays
a critical role to shape perceptions and actions regarding forest conservation.
Stakeholders desired more collaborative engagement and transparency from local
authorities, which is vital to foster trust and collective action. By recognizing the

intrinsic and socioeconomic values of forests, stakeholders may be more inclined to
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support initiatives to mitigate climate change. The successful execution of the Upper
Clearwater Valley forest carbon projects will depend on a comprehensive approach
that harmonizes environmental objectives with community needs to achieve a

balance of sustainable management of forest resources.

The insights gathered from landowners, particularly the older generation with
a strong bond with regional lands, reveal a desire for innovative solutions that
support environmental stewardship with consideration of economic sustainability. By
exploring options such as live fences and forest patches within private properties
interconnected along the valley to enhance carbon sequestration, the general
perception is that residents are willing to maintain the integrity of their natural
surroundings. This collaborative approach alludes to the potential for successful
carbon projects that protect the vitality of the forested landscape and sustainable,

rural livelihoods.
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Chapter 3. The Ecological Value of Forest Carbon
INTRODUCTION

In Canada, appropriate forest adaptation and mitigation practices have been
identified as an essential part of the toolkit that will enhance the resilience and
sustainability of Canadian forests (Antwi et al., 2023). Still, Mina et al. (2022) argue
that current forest management strategies fail to effectively mitigate and adapt to
current and projected climate change scenarios. These shortcomings carry
important implications for the delivery of ecosystem services. In particular, they
affect services that regulate microclimate and the concentration of greenhouse
gases in the atmosphere, both of which play a critical role in maintaining the carbon

balance in Canadian forests (Environment and Climate Change Canada, 2024b).

Previous studies reported increases in live biomass carbon stocks in
temperate and boreal biomes during the first two decades of the 21st century (Yang
et al., 2023). More recent findings suggest a shift. Li et al. (2025) observed a
reversal of this trend from 2016 to 2022, with total live biomass carbon shifting from
an increasing trend to a decreasing trend. In addition to these global-scale
observations, regional research has shown that under many climate change
scenarios, BC’s forests could become sources of greenhouse gas emissions, posing

a significant risk to the province’s carbon balance (Gifford et al., 2022).

To conserve ecosystem services, and particularly to maximize forest carbon
sequestration, it is imperative to manage enough forest and take action to make it a
functional habitat network (Boudewyn et al., 2007). In regions with intensive
cropping systems for the production of wood biomass, the provision of other
ecosystem services becomes limited (Bubnicki et al., 2024). Consequently, there is
a need to identify, assess, and map remnant natural forest patches with high
capacity for ecosystem services provision. Typically, high conservation value forest
patches harbour native tree species, have a long history of forest continuity, vertical

and horizontal structural complexity, and low levels of anthropogenic influence
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(Munteanu et al., 2022). The identification of remaining forests with natural

structures and processes across landscapes and large regions is a key objective.

In regions like the Upper Clearwater Valley, the coexistence and partial
connectivity between old-growth forests within protected areas and mid-successional
forests on privately managed lands enable the expansion and continuity of key
ecosystem services beyond formal conservation boundaries. Forest patches
stewarded by Thompson Rivers University, Edgewood Blue, and The Land
Conservancy are vital to maintain ecological connectivity with Wells Gray Provincial
Park. They are critical to regional climate resilience and biodiversity conservation. In
landscapes characterized by mixed land use, forest corridors are essential for
sustaining carbon dynamics; an imperative that grows more urgent in the face of
accelerating climate change. Quantifying carbon storage and sequestration is

fundamental to identifying locally grounded mitigation strategies.

| assert that the Upper Clearwater Valley possesses exceptional carbon
storage and sequestration capacity, strengthened by conservation-oriented land
management and its ecological linkage to the protected area. This study aims to
demonstrate that these forests store carbon at levels comparable to those in
adjacent protected areas and have the potential to offset greenhouse gas emissions
generated by valley residents. This underscores their value in local climate

adaptation and mitigation efforts.

To prove this thesis, this chapter presents a high-resolution assessment of
carbon storage and sequestration potential in the two areas that constitute the
privately protected forests of the Valley: the western area (Edgewood Blue, and The
Land Conservancy properties), and the eastern area (Thompson Rivers University
lands). The estimation used a multi-stage methodology that integrates field-based
measurements, remote sensing, and machine learning to generate precise forest
carbon estimates. Ground data on forest structure were used to train models, which
were scaled using LIiDAR (Light Detection and Ranging)-derived metrics to estimate
tree volume and crown features. A regression model predicted tree diameter at

breast height (DBH), while a Random Forest classifier, enhanced with topographic
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variables, enabled species-level identification. Biomass calculations were performed
using species-specific allometric equations, and final carbon estimates were derived

through the i-Tree Eco software (Nowak & US Forest Service, 2021).

RESULTS

Species Classification Model

Two different Random Forest models for species classification were run for
each of the two subareas that encompass the study area (Figure 1.2) due to its
spatial discontinuity caused by the road. Both models revealed distinctly different
levels of predictive performance between the two sides of the Upper Clearwater
Valley. Appendix B summarizes the field data used for model training. Table 3.1
presents the key results of these models using the final validation data, including
out-of-bag error, balanced accuracy, and the decision trees’ parameters used for the

western and eastern areas.

Model performance variables

Western side

Eastern side

Balanced accuracy 49.61% 57.85%
Out-Of-Bag prediction error 53.85% 36.59%
Number of decision trees 1000 500
Sample training data size 247 205
No. independent variables 5 6

Mtry 5 2

Table 3.1 Machine learning biomass model results from the validation data for the study area

The Random Forest models yielded different levels of predictive performance
for the western and eastern sides of the study area. Despite the availability of an
identical set of predictor variables for both models, the algorithm identified
fundamentally different drivers of biomass across the two areas. The model for the
eastern side, with a low Out-of-Bag (OOB) error of 36.59% and a balanced accuracy
of 57.85%, in stark contrast to the western side, which exhibited a high OOB error of
53.85% and a near-chance balanced accuracy of 49.61%. The OOB represents a

built-in validation method in the model that uses the training data itself to estimate
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model performance without needing a separate validation set, while the balanced

accuracy is the average of sensitivity obtained on each class. This means that on

the eastern side, the model misclassifies approximately 36.6% of samples during

training, and across all tree species, the model correctly classifies 57.85% of cases

on average. In contrast, in the western area, the model misclassifies over half the

samples, resulting in lower accuracy in tree species classification. Tables 3.2 and

3.3. present the confusion matrices that illustrate the performance of both models

through an overview of misclassifications.

Observed Trembl. White |Western |Cotton- [Subalp. Western [Lodge. |White
aspen |birch |cedar [wood f[fir hemlock |pine spruce
Predicted
Trembling aspen 26 0 0 1 2 4 1 4
\White birch 3 40 2 6 1 3 4 2
Western red cedar |2 1 33 0 6 0 0 1
Black cottonwood 1 0 0 4 0 2 0 1
Subalpine fir 1 1 1 0 10 0 2 2
Western hemlock 2 2 0 3 0 8 1 6
Lodgepole pine 1 4 0 1 1 0 11 1
\White spruce 5 1 0 0 2 5 1 12
Table 3.2 Confusion matrix of the species classification model in the eastern area of the study site
Observed Trembl. White Western Cotton- Subalp. Western Lodge. White
. aspen birch |cedar wood fir hemlock pine spruce
Predicted
Trembling aspen 21 6 0 0 9 0 2 2
\White birch 4 21 0 2 4 0 2 5
Western red cedar |0 0 7 1 0 0 0 0
Black cottonwood 3 0 1 7 0 0 0 0
Subalpine fir 4 3 0 1 9 1 0 12
Western hemlock 0 0 0 0 0 3 0 3
Lodgepole pine 0 1 0 0 0 0 0 0
White spruce 8 8 0 1 32 9 4 86

Table 3.3. Confusion matrix of the species classification model in the western area of the study site

The confusion matrix (Table 3.2) elucidates the class-wise performance

behind the eastern model's overall balanced accuracy of 57.85%. Performance

varies considerably across tree species, reflecting the model's ability to distinguish

certain classes more reliably than others. The model demonstrates clear predictive
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skill but is constrained by significant inter-class confusion, particularly within two
apparent groups: 1) the hardwood species Aspen-Cottonwood, and 2) the conifer
species Spruce-Hemlock-Fir-Cedar. The high OOB error (36.59%) originates largely
from this persistent confusion between morphologically similar species, rather than
from a uniform failure across all classes. The confusion matrix for the western side
(Table 3.3) reveals the model exhibits two critical failure modes: class imbalance
domination and widespread, non-systematic confusion. It shows random
misclassification where most species are regularly mistaken for the dominant
spruce, while low-abundance species such as pine and hemlock are rarely
predicted, generating essentially random predictions for other species. This is the

hallmark of a model that has failed to learn meaningful feature-class relationships.

The variable importance analysis underscores a key ecological finding: the
factors controlling species classification are not uniform across the valley. For the
western side, species prediction was dominated almost exclusively by DBH and
height metrics (Refer to Appendix C where variables of importance are ranked).
Notably, from the fifteen available LiDAR-derived height categories representing the
vertical distribution of the canopy, the model found that only five were significant for
prediction. This suggests a complex forest structure. In opposition, the eastern
model leveraged more diverse and complex predictors. Here, DBH was joined by
multiple height metrics (including max height and 95th percentile height) and several
topographic variables like channel base, valley depth, and openness. This indicates
that forest biomass is influenced by a relationship between forest structure and

topography on the eastern slope.

The optimized model configurations for each study area side reveal
fundamentally distinct data structures and ecological predictability. The contrast is
particularly observable in the model tuning. The poorly performing western model
was the product of the most optimized tree decision using mtry = 5, meaning the
algorithm was allowed to consider all five predictor variables at every node split.
Despite this, the variable importance analysis identified only DBH and four
height variables as meaningful contributors. This suggests that the predictive signal

within the Western data is sparse and resides almost entirely in these two direct
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structural metrics. Conversely, the more effective eastern model was run with a
restrictive mtry = 2. This setting forced each tree to be built using a small, random
subset of variables, thereby enhancing decorrelation among trees and compelling
the algorithm to identify the most robust and consistent predictors. The model
successfully isolated six influential variables from the same initial suite, capturing
key interactions between structural (e.g., canopy metrics) and topographic (e.g.,

elevation, slope) drivers.

Furthermore, this tuning difference aligns with the other optimized
parameters: the western model required a larger ensemble (1000 trees) to stabilize
its inherently noisy predictions, while the eastern model achieved stability with fewer
trees (500). Even though a larger training sample was used for the western area
(247 vs. 205), it was insufficient to overcome the complex relationships between the

variables available.

Biomass Estimation

The LiDAR data processing and the biomass model estimated that there are
32,307 trees in the study area based on canopy structure. Based on the species
classification model, there are 10,826 trees in the eastern area (57,85% accurate),
and 21,481 trees in the western area (49,61% accurate). The species relative

abundance for both sides of the study area is presented in Figure 3.1.
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Figure 3.1 Tree species relative abundance in the total study area based on the biomass model

White spruce is the most abundant species with 13,068 stems. It is the
foundational species of the study area’s forest in terms of population, constituting
40.5% of all trees counted. The following associated species were trembling aspen
and white birch. Together with white spruce, these three species make up 77.6% of
the total tree population. Lastly, black cottonwood, western hemlock, western red
cedar, and lodgepole pine are relatively rare in this particular forest, comprising less
than 3.4% of the total abundance. To examine the distribution of tree diversity and

abundance in the field data, please refer to Appendix B.

Based on the species classification model, evergreen coniferous forest
dominates the study area's vegetative cover in abundance and the leaf area, but
mixed deciduous tree species also exist. This forest composition corresponds to
most low to medium-elevation forests of the Central Interior Ecoprovince. White
spruce and subalpine fir join lodgepole pine as the dominant conifers over much of
the moister southern half of the Interior Plateau (Klinkenberg, 2023). Nevertheless,
old-growth forests in the region are dominated by western hemlock and western
redcedar, while vegetation is relatively diverse, and deciduous forests are increasing

towards the northeast (Demarchi, 2011).
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Regarding the deciduous tree species, the occurrence of stands of trembling
aspen and paper birch indicates finer soil materials (Demarchi, 2011), while black
cottonwood is characteristic of past fluvial processes, since it regenerates well after
floods, channel migration, or other disturbances that expose bare mineral soil (Hood
& Naiman, 2000). Figure 3.2 exhibits the relative abundance of tree species on each
side of the study area to identify any differences in the composition of forest species

between the two sides of the area.

@ Western side Eastern side

White spruce IR
Trembling aspen _
White birch _
Subalpine fir -
Western hemlock —
Western red cedar 7

Species (Common name)

Black cottonwood .

Lodgepole pine .

0 2000 4000 6000 8000 10000
Abundance (Number of individuals)

Figure 3.2 Tree species abundance on each side of the study area based on the biomass model

The white birch is the dominant species on both sides of the study area. The
higher occurrence of the subalpine fir (3,073 trees) and trembling aspen in the
western area versus the presence of western hemlock (811 trees) and western red
cedar (757 trees) in the eastern area suggests that each forest side is at a different

successional stage.

Carbon Stock and Sequestration Model

The carbon stock estimation for the study area, in terms of the carbon storage

per species estimated, is shown in Figure 3.3.
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Figure 3.3 Carbon storage of the study area calculated using Natural Resources Canada’s biomass
calculator variables based on LiDAR and field data for the individual tree structure measurements.
Figure 3.3. indicated a representative difference in the storage capacity of
each side of the valley due to its size. Nevertheless, the major contributors to the
carbon stock for both sides did not correspond precisely to the most dominant
species in the biomass model, but to the most abundant deciduous tree species,
followed by the dominant white spruce (Figure 3.1). In total, the eastern area (44 ha)
stores 3,175,750 kg of C, while the western area (81 ha) stores 7,758,582 kg of C,
for a total of 10,934,332 kg of C (12,053 tonnes of C) currently stored in the
modelled forest. Considering both polygons' areas, the carbon stocks are 72,176 kg
C/ha and 95,785 kg C/ha, achieving an average of 87,474 kg C/ha for the entire
study area. Figure 3.8 presents the above-ground and below-ground biomass for
carbon storage. Figure 3.8 indicates a disparity in total carbon storage between the
two regions, with the western side supporting a substantially greater total biomass
(11 times greater) than the eastern side due to its larger size. The single largest
biomass pool species is paper birch on the western side (~3.69 million kg), making it
a key species for carbon storage in the study area. This is followed by trembling
aspen and white spruce, which are major contributors on both sides. Figure 3.4
presents the carbon storage per area (kg/ha) to estimate carbon stocks comparable

to literature findings in other locations or those resulting from national-scale models.
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Figure 3.4 Carbon stock given in biomass per area of the private forests in the Upper Clearwater
Valley
According to Figure 3.4, paper birch and black cottonwood exhibit a strong

western-side preference, with their biomass on the west being an order of magnitude
greater than on the east. While subalpine fir demonstrates a reverse trend, which
constitutes a larger carbon pool on the eastern side than on the western side.
Finally, lodgepole pine, western hemlock, and western red cedar represent smaller
components of the total carbon budget in this study area, with their biomass

relatively balanced between the two sides.

Carbon sequestration capacity was estimated using the allometric equations
of each tree species’ growth and decomposition rates through the i-Tree Eco Tool.
Figure 3.5 indicates the forest's annual carbon sequestration rate from both sides of
the study area, calculated from the carbon stocks, growth rates and decomposition

rates described in Chapter 2.
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Carbon Sequestration Capacity by Tree Species
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=% CO2Z Equivalent . Gross Carbon Sequestration

40

(Jenl{uml_xuqm\!nba _zoo

Gross Carbon Sequestration (ton Clyear)

3 d £
s @ & &° L

Tree Species

Figure 3.5 Annual carbon sequestration of the forest in the study area calculated by the i-Tree Eco
Tool (2025)

The privately protected Upper Clearwater Valley forest sequesters 181.17
metric tonnes of carbon annually. Trembling aspen demonstrated the highest carbon
sequestration capacity (65.95 t C/yr), followed closely by white birch (61.31 t Clyr).
These two species sequestered substantially more carbon than the others, with
values for white spruce (28.73 t C/yr) being less than half that of the largest
contributors. White spruce and subalpine fir were the third and fourth contributors to
annual gross carbon sequestration, respectively. Those results can be mainly
attributed to their relatively large abundance in the study area, rather than their
carbon sequestration capacity. Coniferous species, particularly lodgepole pine (0.89
t Clyr), western hemlock, and western red cedar, exhibited the lowest sequestration
rates. This hierarchy was consistent when expressed in CO, equivalents, confirming

the dominance of deciduous broadleaf species in carbon capture in this ecosystem.
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To analyze the spatial context of carbon stocks in the study area, it is

essential to decide which zones could hold the greatest potential to increase carbon

stocks based on at least some of the factors mentioned previously. For that purpose,

a good starting point is to analyze the current land cover composition of the Upper

Clearwater Valley around the privately protected forest and then determine how

much area could potentially be used for carbon enhancement. Table 3.4 presents

Land cover percentage distribution in Upper Clearwater Valley taken from Esri

Sentinel-2 Land Cover Explorer.

Land cover Upper Clearwater Private lands in the | Privately-owned
Valley Area (m?) Valley Area (m?) Percentage

Water 255,727.32 66,310.80 25.93%

Trees 44,755,886.47 16,661,040.37 37.22%

Crops 71,719.84 71,719.84 100%

Built area 852,925.23 841,606.31 98.67%

Bare ground 42,771.47 33,956.74 79.39%
Rangeland 4,287,564.46 3,881,085.24 90.51%

Table 3.4 Land cover percentage distribution in Upper Clearwater Valley. Land cover layers taken

from Esri Sentinel-2 Land Cover Explorer

Table 3.4 presents the distribution of major land cover classes within the

Upper Clearwater Valley and, critically, quantifies the proportion of each class under

private ownership. The dominant land cover is forest ('Trees'), covering 44.76 km?

(over 90% of the total non-water area). However, only 37.22% of this forested land is

privately held. This indicates that while forest is the valley's primary ecosystem, a

majority of it falls under public or other tenure, focusing the relevance of private

conservation strategies on a specific, minority portion of the total forest resource.

Conversely, anthropogenic land covers are mostly privately controlled. Nearly all
Cropland (100%), Built Area (98.67%), and Rangeland (90.51%) are on private

lands. This creates a distinct landscape mosaic where private parcels consist of a

mix of forest fragments embedded within a matrix of agriculture, settlement, and
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grazing land. The high private share of Bare Ground (79.39%) likely relates to
agricultural or developmental activities.

To understand this ground cover dynamic visually, Figure 3.6 presents the
current land cover categorization map of the Upper Clearwater Valley around the

study area.

| Legend

- Wells Gray Park

| [ Study Area
[ Private Ownership

Figure 3.6 Land use distribution in the Upper Clearwater Valley. Land cover layers taken from Esri
Sentinel-2 Land Cover Explorer
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DISCUSSION

Model Prediction Assessment

To effectively target strategic conservation areas, it is crucial to use reliable
local sources that capture detailed structural information. Most studies have relied
on global or continental models for local decision-making, leading to
misinterpretations in conservation efforts due to the inadequate identification of
forest structure. Despite high predictive power, these broad-scale reference maps
often disagree and fail to align with higher-quality biomass maps produced at smaller
scales (Ploton et al., 2020). Large-scale models typically rely on limited, clustered
data, which can misrepresent local features (Meyer et al., 2019). This lack of
actionable maps hinders the development of effective national climate and
biodiversity strategies (Bubnicki et al., 2024). Consequently, local modelling, which
captures specific details at finer than 250 m scales, has become more prevalent due
to the availability of extensive spatial datasets with high resolution (Sothe et al.,
2022).

The primary objective of this thesis chapter was to develop a high-resolution,
local-scale model for predicting forest biomass as a proxy for conservation value.
The resulting models achieved moderate accuracies of 49.61% and 57.85% for the
western and eastern areas, respectively. A critical examination of this performance,
contextualized within existing literature, reveals fundamental insights into the data
requirements and ecological complexity of such predictive tasks. For local modelling,
spatially continuous datasets of ecosystem variables are needed to analyze the
spatial patterns and dynamics. Ecological variables are typically acquired
through field work, providing only data with a limited spatial extent, such as plot-
based vegetation records (Meyer et al., 2019). This is where remote sensing and
predictive modelling were valuable to derive spatially continuous datasets from
limited field data. It can provide data over large areas at a fraction of the cost
associated with extensive sampling, and enables access to inaccessible places
(Kumar & Mutanga, 2017).


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/fieldwork
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The carbon sequestration model presented relied exclusively on a small
sample of field data, LiDAR-derived structural metrics (e.g., tree height, canopy
complexity) and topography; with those components. Examples of such datasets
include LiDAR-based forest structure measurements (Davies & Asner, 2014; Meyer
et al., 2019) and high-spatial and thematic resolution land cover/land-use maps.
Nevertheless, the use of these variables in the species classification model
produced modest accuracy. This finding directly aligns with a body of literature
suggesting that structural data alone may be insufficient for high-fidelity ecological
prediction, particularly in diverse forests. While LIDAR metrics are powerfully
correlated with biomass (Kumar & Mutanga, 2017), they struggle to differentiate
species composition, a critical driver of carbon storage potential and ecosystem

function.

This study’s results reinforce the conclusion of Liu et al. (2022), who reported
low estimation accuracy in complex, dense forests using limited data sources and
advocated for integrated multi-source approaches. More importantly, the
performance observed here underscores a key limitation highlighted in broader
remote sensing ecology: LiDAR data alone struggles to predict species. Spectral
information from multispectral or hyperspectral sensors is often necessary to
distinguish species based on their unique photosynthetic and biochemical
properties (Davies & Asner, 2014). The absence of such spectral data in our model
likely limited its ability to resolve the specific species-driven allometric relationships
and physiological traits that underpin biomass accumulation, explaining the sub-
optimal accuracy. This aligns with the high-accuracy (80-90%) findings of Maesano
et al. (2022) and Liu et al. (2022), who explicitly combined LiDAR structural data with

multispectral imagery to achieve superior results.

The stark contrast in model drivers between the western area (biomass driven
simply by tree size: DBH and height) and the eastern area (a complex interaction of
size, canopy strata, and topography) is a central result. This heterogeneity validates
the argument for local-scale modelling presented by Ploton et al. (2020) and Sothe
et al. (2022). Continental or global models, which rely on generalized relationships,

would fail to capture this landscape-scale complexity, leading to the
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misinterpretations they suggested. The eastern model's reliance on topographic
complexity supports the findings of Bubnicki et al. (2024), who linked taller, more
structurally diverse forests to complex topography. However, the western model's
lack of such a relationship demonstrates that the terrain and tree assemblage
characteristics on each side of the study area vary widely. This discrepancy
powerfully illustrates how clustered data in large-scale models (Meyer et al.,

2019) can generalize some critical local dynamics.

The model’s accuracy rates (49.61-57.85%) are lower than the 60-90% range
reported by Chen et al. (2018) or the 68.87% from Hu et al. (2020). This accuracy is
an indicator of poor model construction but a consequence of two factors. As
discussed, both Chen et al. (2018) and Hu et al. (2020) incorporated texture and
biophysical variables from satellite imagery (i.e., multispectral data), not just
structure. The use of a LiDAR-only dataset is more limited in explanatory scope. Hu
et al. (2020) correctly concluded that accuracy is dependent on specific ecological
contexts. The topographically complex, mixed-wood forest in the study area
presents a more complex prediction environment than more homogeneous
plantations or forests, a challenge noted by Liu et al. (2022). The higher accuracy in
our more complex eastern area, where the model could leverage topographic

interactions, suggests that the algorithm performed robustly given the available data.

Although this study successfully implemented the local-scale machine-
learning framework advocated by Meyer et al. (2019) and Sothe et al. (2022) to
produce a high-resolution map where none existed, the literature points the way
forward to higher accuracy. Following the integrated methodology of Maesano et al.
(2022), future iterations must integrate multispectral data (e.g., Sentinel-2) with the
already analyzed LiDAR-derived structure. This would directly address the species-
classification limitation of LiDAR alone, allowing the model to capture the spectral

signatures of different tree species.
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The Ecological Importance of the Valley

The species classification and biomass model indicate a transition in
subalpine mixed woods forest composition across the study area, from a structurally
complex canopy in the east to a simpler one in the west. The higher abundance of
fast-growing species like white spruce, trembling aspen, and white birch generally
indicates forest growth after a wildfire disturbance. Shade-tolerant, long-lived
species like western red cedar and western hemlock in the eastern area represent a
more stable tree community with a long period without major disturbance since these
latter species can germinate and grow in the understory (Assmuth et al., 2021). The
western side has lower diversity and will likely evolve into a simpler structure
dominated by white spruce, with shade-tolerant conifers like subalpine fir and

hemlock with lower heights.

This trend reflects a pronounced environmental gradient. The western side is
dominated by broadleaf species, suggesting drier, warmer conditions (Klinkenberg,
2023) and more recent disturbances consistent with mid-successional stages
(Mitchell & Bullen, 2020). This favours drought- and fire-adapted species such as
spruce and aspen. The eastern side is richer and moister, supporting late-
successional species like cedar and hemlock (Klinkenberg, 2023). The increasing
presence of subalpine fir in the east further signals a shift toward a more typical

interior or subalpine coniferous forest community (Gifford et al., 2022).

The evidence from DBH distribution (Freund et al., 2015), and widespread
aspen-dominance (Payne et al., 2019) indicates the development of early old-growth
forest on both sides of the study area. This pattern reflects forest regeneration
following wildfires that affected the lowlands of the southern Clearwater Valley in the
early 20th century (Goward, 2024). This variation in the species compositions
between the eastern and western sides of the study area underscores the need for
targeted conservation efforts that reflect local biodiversity and carbon sequestration
potential. Findings further support the ecological importance of maintaining diverse
forest ecosystems, which promote more efficient canopy structures, enhance light

capture, and increase primary productivity (Poorter et al., 2015). These factors
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contribute to greater carbon sequestration and help sustain forest resilience in the
face of climate change and wildfire disturbances, both of which often alter species

composition and ecosystem function (Assmuth et al., 2021; Liang et al., 2017).

Regarding carbon storage, the contribution of the highest abundances of
trembling aspen (P. tremuloides), white birch (B. papyrifera), and white spruce (P.
glauca) in the study area carries essential ecological implications. White birch,
trembling aspen and white spruce are disturbance-related and represent a mid-
successional stage in forest development. Early stages are generally aspen-
dominated, and late stages are spruce-fir-birch dominated (Payne et al., 2019).
White birch was the most significant contributor to the carbon stock, with 52 Mg C/ha
(52,511 Kg/ha). Boudewyn et al. (2007) modelled the overstory biomass for the
principal tree genus per ecozone, finding birch (Betula genus) stands could store
around 49-78 Mg C/ha in the montane cordillera ecozone. Even though this result
only accounts for the above-ground carbon stock compared to the total (above-
ground and below-ground carbon stock) modelled by this research, the comparison
provides a broad idea of the current capacity of the white birches in the Upper
Clearwater Valley. Additionally, it is critical to highlight that white birch has been
recognized as an initial booster of biomass and carbon inputs during stand renewal,

optimizing carbon storage (Assmuth et al., 2021).

Trembling aspen contributed 42 Mg C/ha (42,720 kg/ha) to the local carbon
stock. This species has been recognized as a key component of mixed wood stands,
often supporting higher overall carbon stocks than pure conifer stands, reaching
around 239 Mg C/ha for total stock in mature stands in the boreal forest (Payne et
al., 2019). Meanwhile, white spruce contributed to the carbon stock with 27 Mg C/ha
(21,099 kg/ha). This result is comparable with the findings of Boudewyn et al.
(2007), who modelled that spruces in the montane cordillera can store between 2
and 191 Mg C/ha above-ground. From an ecological perspective, annual gross
carbon sequestration rates are valuable indicators for assessing the physiological
capacity of forest ecosystems to capture and store carbon (Cheung, 2024). In the
context of policymaking and carbon market mechanisms, expressing sequestration

in terms of carbon dioxide equivalent (CO,e) provides a more precise and
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standardized metric for quantifying and commodifying carbon as a tradable

environmental asset.

The Interior Cedar Hemlock - ICH biogeoclimatic (BEC) zone, and
specifically, the southern ICH rainforest ecosystems, cover just under 5% of BC but
contain over a tenth of the province's aboveground carbon hotspots (Demarchi,
2011; Gifford et al., 2022; Mitchell & Bullen, 2020). It has the third-highest density of
aboveground carbon (91.47 Mg C/ha) among BC's BEC zones, and the eighth
(241.6 Mg C/ha) and seventh (332.7 Mg C/ha) highest belowground and total carbon
densities, respectively (Mitchell & Bullen, 2020). This model estimated a comparable
total carbon density for the study area, equivalent to 165.48 Mg C/ha (165,486
kg/ha). It is essential to note that this model only considered forest carbon stocks
driven by above-ground field data and below-ground carbon stock estimations based
on the literature's allometric equations for the species found. In contrast, the models
presented by Mitchell & Bullen (2020) included all the land covers in the southern
ICH BEC zone.

To scale down the comparisons, Sothe et al. (2022) used a large number of
field measurements, multisource satellite, climate and topographic data and a
machine learning algorithm to produce the first wall-to-wall estimates of C stocks
and uncertainties in plants and soils of Canada at 250 m spatial resolution. They
estimated that the study area holds an average of 7.92 kg C/m? (79,2 Mg/ha) (value
obtained masking this research study area in 75 pixels of their C stock model on
QGIS). This research model estimated 16.5 kg C/m? (165.48 Mg C/ha). The larger
value produced by this model compared to what was obtained by Soethe et al.
(2022) underscores the importance of modelling at finer scales for extracting
essential features of the landscape that larger-scale models cannot illustrate, as

stated at the beginning of this section.

The carbon storage capacity of a forest is a complex function of its age,
composition, and structure (Mitchell & Bullen, 2020). In the study area, where forests
are approximately 100 years old due to post-wildfire regeneration, the current carbon

stock can be contextualized using regional data. For instance, Hoover & Smith
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(2023) report that trees in the 81-120-year age class in the United States Northern
Rockies store an average of 56.7 Mg C/ha, while 61-80 years age class stores
around 47.4 Mg C/ha. However, this stock is not uniform, as abiotic and biotic
factors like climate and species composition further influence the quantity and
distribution of carbon among different ecosystem pools (Springer et al., 2024). The
significance of stand composition is highlighted by findings that mixed wood and
broad-leaved stands often hold higher carbon stocks than pure coniferous

stands (Payne et al., 2019). Since its potential increases over time if wildfire
management is applied, the age of the protected forests in the valley is a critical
factor when considering the area's importance for enhancing the local carbon cycle

and ensuring the continuity of all regulating ecosystem services.

In the context of subalpine forests in Canada, understanding carbon
sequestration rates and the importance of calculating carbon sequestration rather
than merely carbon storage is imperative for effective forest management and
climate mitigation strategies. The privately protected forest of the Upper Clearwater
Valley sequesters 181.6 t C/yr (0.0008 Mt C/yr). Sharma et al. (2023) estimated the
average amount of carbon sequestered annually from the atmosphere of all the
national parks (5.6 million hectares) in Canada. They found that the net carbon
sequestered was 2.4 Mt C/yr, with an annual loss of 11% due to plant respiration.
The study area’s carbon sequestration rate, even though lower than the rate found
for national parks, demonstrates the high value of the study area to mitigate local
greenhouse gas emissions compared to more conserved, complex, and older forests

protected in national parks.

Hoover & Smith (2023) found that carbon accumulation rates are a function of
multiple factors, and vary across the age classes, with rates generally declining with
age, but with values often peaking in mid-aged forests. To exemplify this
phenomenon at a local scale, the overall average rate of carbon sequestration of
forests located in the northern region of the Rocky Mountains of the United States
for the youngest age class (0-5 years old stands) is 0.54 t C/halyr. It increases to
0.85 t C/halyr for the age class 21-40 years, and then starts diminishing to reach a

net loss of carbon sequestration capacity for the age class 81-120 years with -0.25 t
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C/halyr. It is essential to clarify that young trees can exhibit a higher carbon
sequestration rate, but only if they are part of old forests, which often support a
greater diversity of tree species and age classes, which leads to higher overall
productivity and thus carbon sequestration (Jia & He, 2023; Springer et al., 2024).
More complex forests tend to be more resilient against external stressors, such as

drought or disease, which can impact carbon dynamics.

These contrasting findings reinforce the importance of conserving this forest
to achieve a complex structure over time, to transition from mid-successional phases
to early old-growth stages, which can enhance biodiversity and productivity while
maximizing carbon storage. Research by Trivifio et al. (2015) highlighted the
importance of complex forest ecosystems as they store carbon and process it more
efficiently, making them crucial players in the carbon cycle. Furthermore, forest
carbon flux estimates are subject to substantial uncertainty due to changes in
environmental conditions affecting net primary productivity and decomposition (e.g.,
climate change, CO;, fertilization effect, nitrogen deposition), and a limited
understanding of disturbance processes (Council of Canadian Academies, 2022a).
Nevertheless, it is crucial to attribute a high ecological value for carbon
sequestration to areas like the privately protected forest in the Upper Clearwater
Valley. With its natural history, management practices, and strategic location, this
forest frames a suitable scenario to enhance carbon capture and storage despite

climate change threats.

To build on this understanding of local drivers, the ecological importance of
this protected forest in the Upper Clearwater Valley extends to its role within regional
carbon storage patterns. The southern Interior Cedar-Hemlock (ICH) zone
exemplifies this as it stores 7.7% of the province's aboveground carbon on just 4.6%
of its land area (Mitchell & Bullen, 2020). The Upper Clearwater Valley possesses a
profound natural history that is directly responsible for its high carbon storage
capacity. As asserted by Goward (2024), a renown lichenologist, the Caribou
Mountains acted as a glacial refugium during the Pleistocene. This created a unique
biogeographical region, which has endowed the area with an unusually rich vascular

flora, with over 1,000 documented species and discoveries occurring annually. This
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indicates that its full ecological value might be larger than measured so far.
Projections reveal that, by 2050, boreal, subalpine, and alpine ecosystems will
decrease substantially as warmer, drier climate regimes expand (Gifford et al.,
2022). This makes the valley’s forests a critical, and potentially shrinking, habitat for

species adapted to cooler conditions.

It is crucial to understand how carbon sequestration allows for more effective
forest management decisions. For instance, implementing silvicultural practices that
enhance tree growth can lead to greater carbon uptake. This contrasts with merely
assessing carbon storage, which may overlook operational strategies that could
optimize carbon sequestration (Sharma et al., 2023). Since carbon sequestration
estimation constantly changes, continuous assessment of carbon sequestration can
identify how forests adapt to changing environmental conditions to enable strategies
to enhance resilience and biodiversity (Cook-Patton et al., 2020). Governments,
NGOs and carbon neutrality consultants often use carbon sequestration rates to set
and evaluate climate policy. Accurate metrics of how much carbon is sequestered
inform cap-and-trade systems and other regulatory measures to achieve climate
targets (Cook-Patton et al., 2020).

The assessment of carbon storage and sequestration capacity in the
protected forest studied in the upper Clearwater Valley revealed the ecosystem's
capacity to respond to changes in climate and management practices. Under
continuing ecological loss, such landscapes are paramount as a key conservation
priority. Remnants of naturally dynamic forests like this one are key biodiversity
hotspots, providing essential habitats and forming resilient ecosystems that deliver
multiple services (Bubnicki et al., 2024). Their scarcity underscores the urgency of
protection. This research provides spatially explicit evidence identifying the privately
protected forests in the valley as a high conservation value forest. The valley’s
location, bordered by Wells Gray Provincial Park, and its substantial post-wildfire
carbon reserves position it as a stronghold for both biodiversity and carbon
sequestration. The protection of these forests constitutes a strategic investment in
an ecological reservoir that supports species persistence and contributes to long-

term climate regulation.
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Carbon Sequestration Enhancement Strategies

Enhancing carbon sequestration and stocks is important for climate change
mitigation and maintaining biodiversity (Environment and Climate Change Canada,
2024b). A fundamental consideration is the distinction between the two components
of forest carbon dynamics: the total carbon stock and the rate of carbon
sequestration. Management actions do not affect these components uniformly and
priorities may shift based on overarching goals, which can include wildlife habitat
provision and sustainable timber production (Hoover & Smith, 2023). Consequently,
strategies that maximize carbon storage, often achieved in older, uneven-aged
stands with large trees, can differ from those designed to maximize sequestration

rates or specific biodiversity outcomes (Springer et al., 2024).

Nature-based climate solutions focus on the maintenance and expansion of
biomass to increase carbon stocks, rather than employing active soil or tree-
thickening methods. These initiatives include reforestation, afforestation, and
promoting natural regeneration through conservation. International estimates provide
a sense of scale. Afforestation and reforestation globally can increase net carbon
stocks by 2.8-5.5 Mt CO,e/yr. While improved forest management contributes
0.2-1.2 Mt CO,elyr (Griscom et al., 2017). Such estimates provide an approximate
range of the potential carbon sequestration benefits associated with these strategies

(Canadian Council of Forest Ministers, 2022).

Afforestation and reforestation measures are central to many current large-
scale, carbon-focused policy approaches, yet they are often based on monoculture
plantations. Schirpke et al. (2017) discuss the impacts of changing land use due to
reforestation and raise questions about the ecological benefits of monoculture
plantations compared to diverse ecosystems, particularly under the pressures of
climate change and economic development. Monoculture afforestation can
significantly alter ecosystem services and negatively influence biodiversity
conservation efforts (Andrews-Key & Nelson, 2025). The economic benefits of

diverse forestry practices are higher than those of monoculture forestry, as greater
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diversity enhances both tourism and ecological services through biodiversity
(Iversen et al., 2021).

Despite an established body of research, a broad-scale implementation of
forest practices to address climate change impacts in Canada has been slow to
advance (Andrews-Key & Nelson, 2025; Antwi et al., 2023). 27% of other practices,
such as afforestation and reforestation, were classified as mainstream and in
common use across several provinces (Antwi et al., 2023). The less common
adaptation practices reported include nature-based solutions such as the
designation of ecological corridors, the expansion of protected areas to improve
climate resilience, and the creation of carbon offset projects through designated
forest reserves (Canadian Council of Forest Ministers, 2022). Alternative options,
such as natural regeneration of secondary forests, are more effective for on-site
carbon storage (Feng et al., 2022) and biodiversity conservation (Schuldt et al.,
2023). Reforestation is a key natural mitigation strategy that needs more focus on
cost-effective opportunities. While it may involve trade-offs with other land uses and
high establishment costs, to engage the private sector for initial commercial harvests
can help reduce expenses and promote natural and assisted forest regeneration
(Griscom et al., 2017).

The prevention of forest conversion to non-forested land through conservation
is another critical strategy. Conservation preserves the ongoing capacity of forests to
sequester carbon, even though sequestration rates in aboveground biomass
typically decline as forests mature (Framstad et al., 2013). Natural regeneration in
conserved areas avoids short-term CO,e emissions, to align with objectives to
protect old-growth forests, wildlife habitat, and other ecosystem services. For
example, forest conversion to agricultural land in Canada in 2018 resulted in
immediate emissions of 0.9 Mt CO,e, with residual emissions from past conversions
adding another 1.5 Mt CO,e (Council of Canadian Academies, 2022a). While
conservation keeps existing carbon stored in trees, it may not increase sequestration
rates without complementary management, such as tree maintenance (Nowak et al.,
2002c).
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In this context, the private protected forests in the valley have been
conserved, safeguarding their existing carbon stock. When one considers the
mosaic of land uses in private parcels, to integrate the abovementioned practices
could optimize carbon sequestration to help offset local greenhouse gas emissions.
To combine conservation with low-intensity harvesting and agricultural practices can
also enhance carbon stocks. Agroforestry systems, for instance, allow for
simultaneous carbon sequestration while they provide food and other ecosystem
services (Mina et al., 2022). As Ameray et al. (2021) highlighted, the integration of
tree cover into agricultural landscapes can improve soil organic carbon levels,

creating a multifaceted approach to land management.

The Effects of Wildfires on Carbon Stocks

The increasing threat of wildfires must also be considered in any carbon
management plan. Wildfires have recently become a leading cause of carbon stock
loss in BC. The area burned in 2017 and 2018 (each exceeding 1 million hectares)
surpassed the previous recorded maximum of 0.82 million hectares in 1958 (Hanes
et al., 2019). In the temperate forests of western North America, stand-replacing
wildfires temporarily reduce aboveground carbon by combusting live and dead
biomass and increasing decomposable dead wood (Kurz et al., 2013). While these
areas typically recover aboveground carbon over the fire-free interval through tree
re-establishment and biomass accumulation, more frequent fires disrupt this cycle
(Cook-Patton et al., 2020; Jia & He, 2023; Smyth et al., 2020).

Nevertheless, increased fire activity also presents opportunities. Metsaranta
et al. (2019) and Smyth et al. (2020) note that post-fire rehabilitation, such as
replanting, can reduce future greenhouse gas emissions compared to reliance on
natural regeneration alone. Replanting allows for the establishment of seedlings with
genetic gain and increased climate resilience. In BC, Metsaranta et al. (2019)
projected that cumulative net GHG benefits from rehabilitating about 14% of the

burned area could range from —79 to -32 Mt CO,e by 2070. However, these net



104

reduction benefits are not realized for 23 to 31 years due to an initial "emissions

debt" from harvesting wood products and residue management.

In summary, enhancing forest carbon in the Upper Clearwater Valley could
use various strategies that balance sequestration rates with long-term stock stability
and biodiversity conservation. This includes employing targeted silviculture to
accelerate the development of the young stands, integrating agroforestry practices
within the land-use mosaic, and implementing preventive fire-protection forestry
practices and post-fire rehabilitation to mitigate carbon losses. Furthermore, the
continuation of natural regeneration in some zones to leave the critical wildlife
corridor intact has been a successful strategy. A comprehensive initial carbon
assessment and acknowledgment of the inherent trade-offs must guide the
prioritization of these strategies. Ultimately, by integrating these diverse
management actions, the conserved forests of the Upper Clearwater Valley can
maximize their contribution to climate mitigation while they continue to support

biodiversity and sustainable land-use objectives.

Carbon Stocks in Private Protected Forests

The expansion of the forest to increase carbon stocks

Private forests are an integral part of landscapes and ecosystems. These
forests are unfortunately often overlooked in broader conservation and carbon
sequestration discussions, even though they play a critical role in climate change
mitigation and contribute substantially to ecological balance. Effective management
of these lands can enhance connectivity between forest patches, improving overall
landscape carbon stocks. Increasing carbon stocks in private forests can reduce
land degradation and deforestation pressures. Ter-Mikaelian et al. (2021) indicate
that better management practices, which include longer rotation periods and
reduced-impact logging, can transform private lands into more effective carbon
sinks. With the promotion of biodiversity conservation within private woodlands,
landowners contribute to carbon capture and the resilience of ecosystems, ultimately

supporting overall forest health and longevity (Schuldt et al., 2023). To maintain
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rising carbon stocks in private forests offers other ecosystem services and economic
benefits to landowners and local communities (Antwi et al., 2023). Enhanced carbon
stocks can increase the value of forest land as ecosystem services gain recognition

in economic terms (Andrews-Key & Nelson, 2025).

Among the management practices developed to enhance carbon stocks,
several authors have suggested that changing stand-level forest management
(sustainable forest management) and forming uneven-aged forests may be a fast
and cost-efficient mitigation option in areas with high forest cover (Ameray et al.,
2021; Griscom et al., 2017; Metsaranta et al., 2023; Poorter et al., 2015), as is the
case with the private forests in the Clearwater Valley surrounded by the forests of
Wells Gray Provincial Park. In uneven-aged forestry, the stand is managed by
thinning only, and natural regeneration leads to a heterogeneous age and size
distribution to reduce competition among trees (Clay et al., 2019). Compared to
rotation forestry, management that continuously maintains forest cover is likely to
support more ecosystem services and to improve resilience against climate change
(Assmuth et al., 2021).

Despite the benefits private landowners can obtain from the rise of carbon
stocks in the form of ecosystem services and payment for them, it is crucial to
consider several risks to account for in adaptation to carbon enhancement practices.
From a natural perspective, catastrophic events such as the Mountain Pine Beetle
epidemic in BC and an increase in wildfire threat have contributed to the accelerated
implementation of adaptation practices in the province that are designed to protect
vegetation (Antwi et al., 2023). Other contributing factors are legal and policy
capacity within governments, funding, support from higher levels of government
(Rayner et al. 2013; Keenan 2015), risk perception and direct experiences with

climate hazards (Christianson et al. 2013; Devisscher et al. 2019).

The importance of the role of private lands in rising carbon stocks and
sequestration rates can be overshadowed by an inefficient land planning strategy to
integrate these new potential carbon stocks into the pre-existing carbon stocks in

legally protected areas. An essential principle to assess and plan functional habitat
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networks is the better, bigger, more and joined (Lawton et al., 2010). This approach
is a key principle for ranking local landscapes concerning where to focus on
establishing protected areas or initiating landscape and nature restoration (Bubnicki
et al., 2024). It is imperative to identify areas where private landowners’ conservation
ambitions are higher so that enhancement practices can be prioritized. Also, where
ambitions may be lower, there is a need for identification so that the forest can
support continued controlled and sustainable stems harvesting, such as wood
biomass production, climate-smart forestry approaches, or closer-to-nature

management alternatives, depending on the local premises.

The potential expansion of private forests in the Upper Clearwater Valley

The Upper Clearwater Valley has a distinctive natural history and ecological
setting that diverges from the rest of the Clearwater District. These features have
provoked a deep connection to the land for the valley’s residents and visitors,
manifested by appreciation of the status of the landscape and a sincere concern
about its future. A large number of private landowners in the valley are willing to
implement practices that enhance carbon stocks, sequestration and other
ecosystem services. To achieve this, a strategic plan must be developed for the
areas to intervene to raise carbon stocks that can serve as an example to other

landowners or the community to keep expanding the private forest network.

Several factors need to be considered to configure an efficient forest corridor
that can successfully increase carbon stock and provide habitat to wildlife. The
proximity to road networks and industry, existing land cover, health of vegetation,
and forestland ownership status must be considered. This is particularly the case
when concerning non-industrial private and private forest company ownership
(Bubnicki et al., 2024). Once these factors are assessed, it is possible to prioritize
the implementation of appropriate carbon stock enhancement practices (Zonneveld,
1989).

Given the broad spectrum of factors required to determine the land units

necessary to expand forests with the capacity to increase carbon in the study area, it



107

is essential to decide which zones could hold the greatest potential to increase
carbon stocks based on at least some of the factors mentioned previously. For that
purpose, a good starting point is to analyze the current land-cover composition of the
Upper Clearwater Valley around the privately protected forest, and then determine

how much area could be used for carbon enhancement.

Based on Figure 3.6, the Upper Clearwater Valley is dominated by Tree
cover (44.7 million m?), a positive carbon storage starting point. Only 37.22% of this
forested area is on private land, meaning the majority is likely under public or other
ownership. This highlights the importance of engaging private landowners to connect
and expand this forest network. The rangeland can be a prime candidate for
afforestation, reforestation, or improved grazing management that increases soil
carbon and biomass. Its ecological homogeneity and the fact that it is 90% owned by
private landowners make it suitable for implementing carbon-enhancing actions
under the lens of other socioeconomic factors. The spatial configuration of
rangelands and forested areas is vital for decision-making to determine the optimal

size, shape, and topographic direction of the forest subject to management.

To create an efficient forest network that increases carbon stocks, the
strategic plan could first engage with the owners of the private parcels with forests
that are already connected to Wells Gray Provincial Park and/or this research study
area. Since the ecological connectivity of patches and building corridors will allow
the vegetation to thrive by facilitating the movement and establishment of various
tree species that contribute to overall carbon density. Besides this, any improved
forest management practice can be reinforced by natural regeneration from the
already well-established protected forest, either from the park or a private protected
forest. Most of the rangelands located north of the study area represent an

ecological disconnection of the forest in the valley.

The private non-protected forests in the valley that are connected to Wells
Gray Provincial Park’s forest could be treated, from the landscape ecology
perspective, as a single land unit that represents an opportunity to develop an

avoided conversion project nourished by natural forest regrowth to transform early
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and mid-successional forests into secondary forests. Natural forest regrowth can
cost less than intensive tree planting and promote the re-establishment of local
biodiversity (Ameray et al., 2021; Lawton et al., 2010; Payne et al., 2019). Cook-
Patton et al. (2020) found that naturally regrowing forests can match or exceed
actively restored ones, but this may reflect bias toward favourable sites; regrowth is

often limited by land degradation and distant seed sources.

Even though natural regrowth is a passive practice, landowners can leverage
natural processes to build more diverse and carbon-rich forest ecosystems.
Integrating agroforestry systems in private lands can create mixed-use landscapes
that enhance carbon stocks while providing economic benefits. Evidence indicates
that agroforestry supports diverse plant communities, leading to increased soil
carbon storage and improved ecosystem services (Ameray et al., 2021; Lawton et
al., 2010; Schuldt et al., 2023). This approach aligns with land-use strategies that

maximize carbon sequestration and agricultural productivity.

Rangelands represent the largest, most contiguous, and most readily
available opportunity for significant carbon stock enhancement through land cover
change, afforestation and improved private property management in the Upper
Clearwater Valley. The optimization of grazing practices is crucial to enhance carbon
stocks in rangeland ecosystems. Rotational grazing, moderate stocking rates, and
grazing optimization strategies can positively impact soil carbon sequestration by
preventing overgrazing and allowing vegetation to recover (Conant & Paustian,
2002; Fargione et al., 2018). When degradation is addressed through landscaping
techniques and agroforestry, such as restoring native grasses and tree planting, it
can increase biodiversity, reduce erosion, and enhance carbon capture (Fargione et
al., 2018).

Carbon stocks rising in private forests is critical for meeting local, provincial,
and national climate change policy goals. The establishment of robust monitoring
systems to quantify carbon stocks accurately is vital for evaluating progress on the
increase in carbon stocks or rates and achieving local goals regarding carbon

emissions reduction. Clay et al. (2019) discuss the importance of verification
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systems in tracking changes in carbon stocks and ensuring effective management
practices. Indeed, the use of technology such as remote sensing, as used in this
research, can enhance the assessment of carbon stocks and inform adaptive

management strategies (Coffield et al., 2022).

In the case of the private landowners in the Upper Clearwater Valley, most
landowners are aware of the importance of conserving forests, the possible outputs
of implementing strategies to manage forests for climate adaptation, and the
consequences of not doing so. Despite this, achieving a successful forest expansion
requires other landowners to join the project, and it is through education that the
awareness of the importance of this ecosystem service can be increased.
Workshops and training programs can empower landowners with knowledge about
effective practices that support carbon sequestration and sustainable land use, to

reinforce the broader goals of conservation and climate change mitigation.

CONCLUSION

The predictive biomass model successfully captured the spatial heterogeneity
of the study area due to a shift in the importance of the topographic and forest
structure variables for each side of the study area. The western area's biomass was
primarily a function of tree size, while the eastern area exhibited a more complex
interaction between tree size, canopy structure and topography. Although the model
accuracies (49.61% for the west and 57.85% for the east) are within the reported
range for Random Forest ecological modelling, they highlight the challenges of
predicting the interactions among local variables. This underscores the need for
future models that can integrate additional data sources, such as multispectral

imagery.

The estimated total carbon density of 165.48 Mg C/ha significantly exceeds
values derived from national-scale models. This demonstrates the importance of
fine-scale analysis for capturing landscape features. The results suggest that the
carbon stock in the privately protected forest of the valley is characterized as a mid-

successional, mixed-species forest, regenerating from historical wildfires. Key
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species like white birch, trembling aspen, and white spruce form a foundation for
substantial carbon storage, with the potential for further accumulation as the forest
matures. Considering these characteristics and that the valley is part of a crucial
ecological reservoir in the high-carbon-density Interior Cedar-Hemlock (ICH) zone,
the maintenance and expansion of private protected forests is imperative under
projected climate shifts threatening these subalpine ecosystems. Furthermore, the
privately protected forest sequesters 0.47 Mt Cl/yr, a rate that demonstrates a high
local capacity for mitigating local greenhouse gas emissions. This sequestration
occurs within a forest transitioning from mid-successional to early old-growth stages.
This successional stage represents that the forests will enhance their structural
complexity, biodiversity, and long-term resilience to climate change effects such as

wildfire.

Effective management and expansion of private forests in the Upper
Clearwater Valley are essential to enhance carbon stocks, as only 37.22% of the
predominant forest cover is on private land, most of which is connected to Wells
Gray Provincial Park. Moreover, the valley's almost entirely privately owned
rangelands present a substantial opportunity for carbon enhancement outside the
already forested areas. A strategic roadmap to increase carbon stocks should
engage private forest owners connected to Wells Gray Provincial Park to implement
natural regrowth to develop secondary forests with higher carbon density. This effort
proves cost-effective and supports local biodiversity by utilizing seed sources from
established protected forests. The rangelands in the north of the study area are ideal
to implement afforestation, reforestation, and improved grazing management, to
form forest corridors that connect existing private forest patches. Ultimately, this can

boost landscape-scale carbon stocks.

The successful implementation of this strategy requires addressing social
factors. First, valley residents' deep connection to the land is a major asset since any
plan must integrally include residents’ perceptions of land management to identify
and prioritize areas where carbon stock enhancement practices could be successful
according to the community’s expectations. Second, only the example of a well-

established project, such as the aggregated parcels of this research study area, can
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demonstrate to neighbouring landowners the feasibility of having portions of forest
protected in their properties. It is crucial to know landowners' perspectives on
conservation purposes versus forest harvesting. The engagement of landowners
with carbon benefits and the facilitation of their access to carbon credit markets can
provide the financial motivation for widespread adoption of enhancement practices.
Third, economic incentives are crucial to keep working on the current conservation
of the forest in the forests studied and for expanding the forest to neighbouring

properties to connect the valley to the protected area.

The Upper Clearwater Valley has exceptional ecological value, possesses
significant and growing carbon stocks and a carbon sequestration rate promising to
offset greenhouse gas emissions locally. This research provides the scientific
foundation and a strategic plan to leverage this potential. The valley can serve as a
model for climate mitigation through the prioritization of ecological connectivity along
forest patches, the pursue of develop the high-potential of private rangelands, and
the implementation of a mix of conservation, natural regrowth, and active
management. The protection and landscape management of this area is not merely
a local conservation effort but a vital investment in a resilient ecological reservoir

that will safeguard biodiversity and regulate the climate for future generations.
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Chapter 4. The Economics of Forest Carbon Sequestration
Enhancement in the Upper Clearwater Valley

INTRODUCTION

The commodification of carbon has emerged as a central pillar in
contemporary climate policy and environmental economics, both globally and within
Canada. As governments and industries seek to decarbonize their operations in
response to national commitments under the Paris Agreement and evolving public
expectations, carbon offset markets have become an increasingly important
mechanism to reduce net emissions (Government of Canada, 2017). Thus, when
carbon has a measurable, tradable value, sustainable practices become more
economically viable, especially in areas that face pressure from forestry or

development (Riany et al., 2024).

With carbon as a commodity, climate change fight goals can be achieved
through innovation in land-use planning and sustainable agricultural and forestry
practices by provincial and federal governments. The Government of Canada has
initiated large-scale afforestation projects aimed at promoting carbon sequestration,
thus reinforcing the role of carbon management in fostering innovative agroforestry
practices (Government of British Columbia, 2025e). Furthermore, the increase in
carbon storage through carbon markets has been demonstrated to be cost-effective
and scalable compared to technological alternatives (Government of Canada,
2025b).

In BC, where vast forested landscapes act as powerful carbon sinks, carbon
offset projects, particularly those based on forest conservation and restoration, have
gained attention for their environmental benefits and economic potential. The
provincial carbon market, operating under BC’s Greenhouse Gas Industrial
Reporting and Control Act and the voluntary carbon market, has created
opportunities for landowners and Indigenous communities to generate revenue
through carbon credit sales (BC Ministry of Environment and Climate Change

Strategy, 2022). This new economic activity represents financial incentives for
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landowners, Indigenous communities, and forest managers to adopt land-use
practices that promote the improvement of ecosystem services and create economic

sustainability for local communities (Council of Canadian Academies, 2022b).

Given the growing economic significance of carbon markets in Canada as a
tool for climate change mitigation and forest conservation, the Upper Clearwater
Valley community has demonstrated advocacy for forest protection and the
maintenance of ecosystem services. The valley’s forests are highly valued,
supporting economic activities as tourism and forestry. Crucially, their carbon
storage and sequestration capacity have been demonstrated to be comparable to
that of mid-successional forests in the nearby Wells Gray Provincial Park. | argue
that carbon offset initiatives can provide a viable alternative source of income for the
rural community of Clearwater. Therefore, this research posits that a monetary
valuation of this existing carbon sequestration service is a critical first step in
understanding its role in the local economy and the viability of a carbon offset

project.

This chapter conducts a non-market valuation of the carbon sequestration
service provided by the valley's forests. This is examined by estimating the
economic value of the valley’s carbon sequestration capacity using data from
Chapter 3 and applying three different shadow prices: values from both the BC
compliance and voluntary carbon markets, as well as the global Social Cost of
Carbon. This exercise does not estimate potential revenue from a future carbon
credit project but rather quantifies the existing natural capital asset to inform
discussions on socioeconomic diversification and the full cost-benefit analysis of

conservation for the Upper Clearwater Valley.

SOCIOECONOMIC DIVERSIFICATION IN THE VALLEY

Clearwater has historically been a forest-dependent town. Nevertheless, the
forest industry has recently lost its local wood processing capacity. According to the
District of Clearwater (2022), forestry remains the town's most dominant industry,

while tourism is the most rapidly expanding sector. Climate change and the
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increasing wildfire frequency and severity threaten the economic activities supported
by natural resources. Relying on a single industrial sector exposes rural towns to
substantial challenges and risks. Researchers suggest that ecotourism could
diversify local economies, but this shift may face resistance from various
stakeholders, leading to development tensions (Connell et al., 2017). As climate
change exacerbates these issues, effective land use planning becomes essential to
address conflicts among governments, resource industries, and tourism operators

(Mason and Neumann, 2024).

As society is consuming natural capital at an alarmingly high rate, it is critical
to shift our relationship with the natural world to one that acknowledges the
economy's dependence on natural capital and accepts the bounds that nature
places on economic sustainability (Simpson et al., 2021). Commodifying well-
managed ecosystem services under a long-term maintenance approach can serve
several purposes where climate policy, forest resources, and economic interests
intersect (Antwi et al., 2023). Nature-based economies represent an alternative
opportunity to address economic diversification and environmental crisis in areas
experiencing a decline in economic activity in traditional natural resource sectors
(Council of Canadian Academies, 2022b).

Clearwater's core strengths are its natural environment, location, affordability,
and amenities, which are considered above average for a community of its size
(District of Clearwater, 2021). Tourism is often highlighted as a way to diversify the
local economy (Connell et al., 2017). Although small in scale, agriculture still
represents substantial importance to the local economy (District of Clearwater,
2021). While the forestry industries remain important, their footprint in rural
communities has been declining since the 1980s (District of Clearwater, 2021). The
Clearwater District economic development plan highlights tourism as a significant
driver of economic diversification. However, it fails to acknowledge the natural
capital essential for the success of the tourism industry. The only reference to forest
valuation within the plan pertains to Wells Gray Provincial Park, which is positioned

as a strategic asset for the local tourism sector (District of Clearwater, 2021).
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Nature-based solutions that involve forest conservation and management are
not yet part of the district planning or local stakeholders' development projections.
Interestingly, most stakeholders interviewed did not view the vegetation of the valley
forest as economically valuable beyond timber extraction. While ecotourism is well
established and benefits from forested landscapes, it focuses on visitor services
rather than resource use. Government-led forest carbon initiatives, such as BC'’s
Forest Carbon Initiative, offer effective examples of nature-based solutions. When
properly designed, forest ecosystems can be managed to deliver measurable
atmospheric benefits. The initiative seeks to reduce emissions and enhance carbon
sequestration through improved forest practices, land-based investments, and
outreach programs, aligning with provincial and federal climate goals (Government
of British Columbia, 2024b). However, public uptake remains limited, largely due to
perceptions that such programs require significant resources, often beyond the

reach of potential applicants.

Most forest carbon projects are designed and implemented by non-profit
organizations, private companies, or groups of landowners (aggregated projects)
that aim to maximize forest benefits while protecting its natural characteristics.
Forest-based carbon projects offer a unique opportunity to align economic
development with ecological preservation and support livelihoods. The success of
this type of project largely depends on establishing a realistic and credible baseline
scenario for emissions and implementing practical forest management activities. The
project’s activities must lead to modifications in the conditions outlined in the

baseline scenario that result in actual reductions in emissions (ClimeCo, 2024).

FOREST CARBON OFFSET PROJECTS (FCOP)

Driven by environmental targets and political developments, Canada’s carbon
pricing policy regime continues to evolve. As a result, ongoing shifts create
challenges and opportunities for businesses, since balancing carbon costs with
competitiveness, innovation, and sustainability is now a core business concern

(Dunkelman, 2025). The policy-making and regulation surrounding national carbon
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markets and carbon offset projects enable Canada to participate in global voluntary
markets, thereby increasing international collaboration and funding for Canadian
projects that meet recognized standards (BC Ministry of Environment and Climate

Change Strategy, 2022), which boosts credibility and transparency.

In this context, BC offers a telling example: absolute emissions have dropped
by 5% compared to the pre-carbon tax period, and sales of fossil fuel products
declined by 17% (Citizens Climate Lobby, 2023). Economists estimate that carbon
pricing in BC has resulted in a 5% to 15% cut in emissions compared to a scenario
without carbon pricing (Citizens Climate Lobby, 2023). That is why many businesses
have pursued emissions reductions through forest carbon offset projects as an
alternative means for earning certified emission reduction credits, particularly under
the rubric of reducing emissions from deforestation and forest degradation (Van
Kooten et al., 2015).

Yet, forest carbon offsetting projects can face high initial costs, complex
verification standards, and uncertainties around long-term carbon permanence.
Critics also argue that carbon markets can enable large polluters to delay real
emissions reductions, raising questions of environmental justice and market integrity
(ClimeCo, 2024). For rural communities, navigating carbon projects' technical,
regulatory, social and financial aspects requires capacity-building and support
(Council of Canadian Academies, 2022b). Unless climate change risk factors are
fully considered when assessing the long-term consequences of different GHG
emissions reduction strategies, there is potential for proposed solutions to result in

increased costs over time (Gifford et al., 2022).

Forest Carbon Offset Project Implementation

To implement a forest carbon offset project in BC, it is crucial to assess its
viability based on preliminary research into the ecological and socioeconomic
dimensions. The first step is clearly defining the project type. Each type of project
has different eligibility criteria and monitoring requirements based on the area's

extension availability, the carbon sequestration capacity, and the health of pre-
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existing vegetation and soil (Citizens Climate Lobby, 2023). This ecological aspect
was previously discussed in Chapter 3 of this thesis, where the study area’s carbon
sequestration capacity was modelled, and the potential geographical implications of

their expansion were discussed.

To effectively address the project's social implications at all levels of society, it
is essential to build on foundational scientific research. The project must be
assessed for compliance with recognized federal or provincial protocols or voluntary
market standards (Ministry of Environment and Climate Change Strategy, 2024). It is
essential to verify legal land ownership and management rights (Clean BC, 2025;
Cline, 2024; Haley & Nelson, 2007). Early stakeholder engagement is critical to
identifying potential co-benefits or barriers. As outlined in Chapter 2 of this thesis,
social aspects, including the current provincial regulations for the study area, were

discussed from the interviewees' perspectives.

The economic projection is the third component of the forest carbon offset
project feasibility assessment. As outlined in the BC 2025 Offset Protocaol, it is
necessary to estimate the implementation costs versus potential returns based on
potential carbon credit sales and other revenue streams (Ministry of Environment
and Climate Change Strategy, 2024). That includes all potential costs associated
with project implementation, including registration fees, field studies, and land

management expenses under different scenarios (Citizens Climate Lobby, 2023).

Local Stakeholders’ Perceptions of FCOP in British Columbia

As of the latest 2024 BC Carbon Registry portfolio, BC publicly lists 13 offset
projects overseen under the Carbon Neutral Government program. These projects
span forestry, agriculture, oil & gas, transportation, clean tech, and waste
management sectors (Government of British Columbia, 2025e). However, there is
an undisclosed number of private-sector or voluntary-registered BC projects. Three
different projects were presented to the interviewees to demonstrate successful
projects and obtain their insights about their willingness to participate in a feasibility

study for implementing a forest carbon offset project in the valley. From an
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operational perspective, the diversity of project management reveals significant
opportunities to enhance carbon sequestration at various spatial scales and engage

diverse stakeholders in the projects.

The Great Bear Rainforest was Canada's first carbon offset program and the
largest forest carbon project globally. The project encompasses over 780,000
hectares of productive forest land, focusing on improved forest management by
protecting areas previously designated for commercial logging. The project is
estimated to reduce emissions by 465,841 tonnes of CO, (Great Bear Carbon,
2025). Similarly, the Cheakamus Community Forest Carbon Project, encompasses
33,000 hectares near Whistler, implements improved forest management practices
to generate carbon offsets from forestry operations, with emphasis on ecosystem-

based management (Ecotrust, 2015).

The Darkwoods Forest Carbon Project covers a vast 103,000 hectares in
southeastern BC. It connects existing parks and wildlife management areas, forming
a contiguous wilderness area of 255,000 acres. This landscape-scale conservation
effort is crucial for large species such as grizzly bears and mountain caribou. The
Darkwoods Project involves the private acquisition of a fee-simple property with no
people living on or relying on the project area for their livelihood. Hence, no direct
consultation process was necessary; however, the Nature Conservancy Canada
undertook an extensive outreach and public stakeholder communication process in

the local communities (Wilson, 2019).

Despite showing the success of those projects, and particularly the last one,
which has pre-existing conditions relatable to the Upper Clearwater Valley, most of
the interviewees perceived the carbon offset project design and registration as a

complex and long-term process. As Dickinson (2025) exposed:

There are provincial initiatives, but you have to submit a lot of documentation to
get these incentives. And that's a lot of work for an old landowner. And most

people don't have the skills or capacity to do that.

Dickinson's reflections focused on the challenges faced by a single landowner in managing

planting and other restoration practices across a vast area, even without a forest project.
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Any economic activity can quickly become an overwhelming task for one project proponent.
Securing the resources necessary to begin even the feasibility stage can take several
months, influenced by the social conditions of the area. From this perspective, the projects
previously mentioned were developed on properties owned by a forestry company, which
typically manages larger areas and possesses the financial capacity to implement projects

and sustain practices until they become profitable.

Another stream could potentially be suitable for the Upper Clearwater Valley,
given the diversity of land uses in the area and the presence of The Land
Conservancy, which has land conservation agreements. In the local context, it is
essential to note that The Land Conservancy's current mission is solely focused on
conservation (Personal communication with Catherine Armstrong, 2025). To
implement a project like the one proposed by Sunderman would first require The
Land Conservancy to consider a mixed-purpose approach. Thus, it would be
necessary to identify private lands currently used for agriculture, forestry, or
residential purposes that would be appropriate for such a project. This would
consider land ownership, usage, and forest connectivity. Finally, landowners and
managers must be informed of the project's implications and be willing to agree to

The Land Conservancy's terms.

From a distinct stakeholder perspective, the Wells Gray Community Forest
Corporation highlighted that the Cheakamus Community Forest is the sole
community forest organization in BC that has completed this project. This
achievement can be attributed mainly to the residents' strong commitment to
environmental sustainability and preservation values that initially supported the
project (Personal communication with George Brcko, 2025). Nevertheless,
Cheakamus's guidelines for the project registration are no longer recognized by the
provincial authorities unless a partnership with local First Nations has been
established to develop activities outlined in their atmospheric benefit agreement
(Ministry of Environment and Climate Change Strategy, 2024). While community
forest corporations are now restricted from independently implementing forest

carbon offset projects, the government’s guidelines promote genuine partnerships
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with Indigenous communities to enhance environmental stewardship and incorporate

traditional ecological knowledge.

Carbon Project Opportunity Evaluation

Project Type Selection

The assessment of the opportunity of the forest carbon project in the study
area's feasibility must start with the identification of the most favourable type of
project to the characteristics of the current and past land use, vegetation
management practices to implement, collective objectives towards conservation and
compatibility with other local initiatives. As outlined in the British Columbia
Greenhouse Gas Offset Protocol: Forest Carbon (2024), three different project types

are eligible to produce forest carbon credits in the compliance and voluntary market.

Afforestation, Reforestation, and Revegetation (ARR) projects require
converting non-forested land to forested cover. Still, they are unsuitable for areas
under community forest licenses or natural regeneration zones, making them more
relevant to agricultural or degraded lands. Avoided Conversion (REDD+) projects
aim to prevent deforestation. This type of project is only viable if the land has been
classified as forest for the past 20 years and faces credible threats of conversion,
such as development or agriculture, requiring landowners to demonstrate financial
incentives for such changes. Improved Forest Management (IFM) focuses on
enhancing existing forest stewardship beyond regulatory norms and is applicable to
lands already defined as forest, including old-growth and privately conserved areas,
offering broader inclusion of forest fragments across the valley (Ministry of Forests,
2024).

Considering past and current forest management practices, the impacts of
climate change on forest cover, and landowners' willingness in the Upper Clearwater
Valley to adopt fire-smart strategies for managing forested areas, it is likely that
landowners would prefer an IFM carbon project to avoided deforestation. This

preference arises from the understanding that land management activities could be
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subject to more restrictions while aligning with established conservation objectives.
The inclusion of local community forest-licensed lands, coupled with a substantial
reduction in harvesting, may be more attractive to external landowners seeking to

expand the project area.

The protocols for IFM enable working forests to transition to sustainable
forests that are more resilient to climate change through maintaining old stands with
high carbon storage capacity, but also high growth rates with moderate turnover
(ClimeCo, 2024). Forest management practices could include: enrichment planting,
enhancing natural regeneration by the management of competing vegetation, stand
irrigation and/or fertilization, reducing timber harvest levels, deferring harvest by
extending rotations, and altering fire severity by fuel load treatments (Ministry of
Environment and Climate Change Strategy, 2024). Verra Verified Carbon Standards,
the world's most widely used greenhouse gas crediting program, suggests that
projects that are pursuing an Improved Forest Management Carbon Project assume

that 25% of the forest will be cleared.

Carbon Storage Projection

The carbon scenario projection involves the construction of two scenarios: the
baseline and project scenarios. The baseline scenario establishes the reference
conditions for carbon storage projections by identifying land use actors,
deforestation drivers, and historical degradation trends, supported by objective data
comparisons (ClimeCo, 2024). It is necessary to demonstrate that the project area is
under deforestation pressure or has been degraded historically (Ministry of
Environment and Climate Change Strategy, 2024). In the Upper Clearwater Valley,
the mid-successional forest that regenerated after wildfire demonstrates the
vegetation's capacity to recover from natural disturbances despite the current wildfire
threats. The valley’s residents engage in various land-based economic activities,
including cattle ranching, forestry, and tourism. These practices involve timber
harvesting, pasture clearing, and wood production, making timber extraction and

livestock use the most plausible baseline scenario.
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The project scenario involves interventions to prevent emissions, primarily
through avoiding forest clearing and harvesting. Following the BC Forest Carbon
Offset Protocol (2024), carbon modelling integrates species-specific carbon
dynamics and landscape models that aggregate carbon storage across the area.
Carbon credits are calculated by comparing emissions avoided under this scenario
to those projected in the baseline (Ministry of Environment and Climate Change
Strategy, 2024). The approach emphasizes conserving forests near rural
developments and managing them to support biodiversity and habitat restoration.
Landowners must commit to protecting forested areas for at least 20 years, ideally
up to 50, allowing continued carbon sequestration in biomass and debris. Permitted
activities include trail development and wildfire management, provided they do not
significantly alter forest carbon stocks (Ministry of Environment and Climate Change
Strategy, 2024).

While the protocol establishes a framework for quantifying and crediting forest
carbon, its environmental integrity depends on rigorously addressing three
foundational issues: additionality, leakage, and permanence (Ministry of
Environment and Climate Change Strategy, 2024). Additionally, questions whether
the credited carbon sequestration would have occurred without the incentive of the
offset program. Leakage examines the risk that reducing emissions or conserving
forest in one area may inadvertently shift deforestation or degradation activities to
another, uncredited location. Finally, permanence addresses the challenge of
ensuring that stored carbon remains sequestered over the long term, particularly
given the risks of wildfires, pests, and future land-use changes, which is especially
relevant for the program’s 20- to 50-year commitment periods (Ministry of

Environment and Climate Change Strategy, 2024).

Costs and Revenue Implications

Assessing the feasibility and long-term sustainability of forest carbon projects
is crucial to understanding their financial implications. In 2024, ClimeCo conducted a

feasibility report for a carbon offset project with the Coastal Douglas-fir Conservation
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Partnership, covering 152 Ha in Metchosin and the Sunshine Coast Regional
District. The project features a diverse secondary-growth forest similar to that of the
Upper Clearwater Valley, including white spruce and western redcedar. ClimeCo
estimated costs associated with various aspects of project setup and implementation
for an average 50 ha typical forest carbon project following the 2024 BC Forest
Carbon Offset Protocol. The costs will be approximately $410,500 in the project's
first two years. These costs cover most project development activities, forest
inventory, project management and administration tasks, verification audits’ fees,

registration and issuance fees with the crediting companies.

Given the costs involved, landowners in the Upper Clearwater Valley would
require substantial financial resources to support a forest carbon project, particularly
given the area’s limited size and its low-to-medium deforestation risk due to ongoing
conservation efforts. High setup costs, uncertain long-term profitability, and modest
revenue projections make initial investment challenging. Expanding the project by
incorporating neighbouring forest fragments offers a more feasible alternative. This
option is viable considering that the study area is already a protected forest owned
by three entities: Thompson Rivers University, Edgewood Blue, and The Land
Conservancy, and that there are other landowners of small-acreage lands interested

in carbon sequestration protection and enhancement.

The aggregation of multiple initiatives into a single, progressively expanding
project maximizes carbon sequestration potential (BC Ministry of Environment and
Climate Change Strategy, 2022). This structure reduces transaction costs,
investment risks, and uncertainties for individual participants, while streamlining the
approval process by allowing simultaneous validation of multiple instances (Cline,
2024; Ministry of Environment and Climate Change Strategy, 2024). Therefore, an
aggregated carbon project is one of the best alternatives presented in the BC Offset
Protocol for a collective of landowners who pursue the implementation of a

financially feasible carbon project.

The project scale is crucial for financial success. ClimeCo (2024)

recommends aggregating forest carbon offset projects to at least 300 hectares,
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particularly when 50% of the forest faces a risk of clearing, as this can accelerate
revenue generation and profitability. Larger areas (e.g., 450 ha) are more likely to
recover investments and yield substantial long-term returns, whereas smaller ones
(e.g., 150 ha) may require additional support to remain viable. This study project
area of 126 hectares falls below this recommended threshold. Therefore, an
expansion to approximately 300 hectares would be necessary to ensure financial
viability within the Improved Forest Management category. This larger scale would
yield a sufficient quantity of credits to recover initial investments and support positive
long-term returns. Eligible expansion areas should be selected based on two primary
criteria: a demonstrated history of forest cover over the past 20 years or a credible
deforestation threat across 25-50% of their extent, with priority given to lands that

also enhance biodiversity corridors and improve carbon sequestration potential.

Despite the current conditions in the study area being unsuitable for a viable
forest carbon project, the forest possesses significant carbon sequestration
potential. Furthermore, the conservation and management efforts implemented by
the land managers position the area as a strong candidate for an aggregated project
in the medium term. These characteristics present an opportunity to pursue
ecosystem-based approaches beyond the current privately protected area,
strengthen carbon sequestration and enhance the forest’s ecological functions within
the buffer zone of Wells Gray Provincial Park. Proactive strategies that build
resilience against climate-related threats, especially wildfires, can safeguard
biodiversity, support long-term forest health, and deliver meaningful environmental
benefits. Furthermore, a feasible aggregated carbon offset project could exemplify
how rural communities can shift land management toward adaptive, service-oriented

management, making the region play a vital role in broader climate mitigation efforts.

Quality Requirements for Carbon Crediting

To ensure the environmental integrity of Forest Carbon Offset Projects, there

are core elements of carbon credit quality that can be distilled to three criteria:
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additionality, permanence and leakage (BC Ministry of Environment and Climate
Change Strategy, 2022).

Additionality is the property of a project being additional and is typically
assessed once by a crediting program when a proposed project is submitted for
approval and registration (Smith, 2025). In practice, additionality is determined by
assessing whether the proposed project is distinct from its baseline scenario. If a
project is not additional, then the intervention and its baseline scenario are the same
(ClimeCo, 2024). The additionality of a project is essential for the quality of carbon
credits. If credits are issued to projects that are not additional, then purchasing those
credits instead of reducing one’s emissions will make climate change worse because
total emissions to the atmosphere would be lower if the purchaser had instead
reduced their emissions (Broekhof et al., 2024). While additionality is the most
essential criterion for assessing credit quality, its determination is inherently
predictive (Simpson et al., 2021). Carbon crediting programs must determine the
additionality of proposed projects to assess their eligibility for crediting, which
involves comparing them to a scenario without revenue from carbon credit sales
(Broekhof et al., 2024).

The second core requirement to assess is permanence. Carbon credits must
be associated with the permanent avoidance or permanent enhanced removal of
GHG emissions (Government of British Columbia, 2024b). One challenge
associated with utilizing carbon credits to offset CO2 emissions is the long-lasting
impact of these emissions (Ministry of Forests, 2024). While the majority of carbon
from a tonne of CO2 emitted today will eventually be removed from the atmosphere,
approximately 25% persists for hundreds to thousands of years. Therefore, to
effectively compensate for CO2 emissions, carbon credits must be linked to avoided
emissions or enhanced removal efforts that are equally permanent (Broekhof et al.,
2024).

The issue at hand is that the impacts of certain types of projects can be
reversed. A reversal is a decrease in the difference between the project and

baseline scenario carbon stocks, for example, due to natural disturbance
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(Environment and Climate Change Canada, 2024a). The foremost risk lies with
projects that store carbon in reservoirs, such as trees, which may be susceptible to
future natural and human disturbances. A prime example of this is a forestry initiative
that sequesters carbon in both trees and soils, with the potential to enhance those
carbon stores as the forest matures (Gifford et al., 2022). However, if a fire destroys
the project's trees or if the trees are cut down to accommodate new development,
some or all of the stored carbon may be re-emitted, leading to a reversal (ClimeCo,
2024).

The Federal Offset Protocol (2024) outlines that to ensure permanence of
GHG removals: the proponent must prepare a reversal risk management plan. The
plan must identify the reversal risk mitigation measures to be implemented. The
proponent must monitor the GHG removals for 100 years after the crediting period
ends. A portion of offset credits is deposited into the environmental integrity account
(EIA). This amount can be decreased if certain reversal risk mitigation measures are

implemented (Environment and Climate Change Canada, 2024a).

To protect against the risk of reversal, where the emissions benefit associated
with a carbon credit is undone, buffer pools are utilized by registries and developers
(Ministry of Environment and Climate Change Strategy, 2024). Contribution to these
pools is typically mandatory, and the percentage allocated is based on the reversal
risk of individual projects. When a reversal occurs, each impacted credit is replaced
by releasing the equivalent number of credits from the buffer pool (Patel, 2025),
serving as an insurance mechanism (Broekhof et al., 2024). This approach can
cover significant losses if the reserve has enough credits from multiple projects.
While buffer reserves effectively address natural disturbance reversals, such as fires
or droughts, they face challenges with human-induced reversals, such as intentional
timber harvesting (Broekhof et al., 2024).

The increasing scale and frequency of wildfire events raise concerns about
the adequacy of these pools. If catastrophic reversals become more common, buffer
pools could be depleted (Ministry of Environment and Climate Change Strategy,

2024). This could lead to higher buffer contribution requirements for new projects,


https://worldrainforests.com/carbon-lexicon/Buffer-Pool.html
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increasing costs for developers and potentially reducing the financial viability of
certain project types (ClimeCo, 2024; Ministry of Environment and Climate Change
Strategy, 2024). Advanced tools such as satellite monitoring and Al prediction
models have the potential to enhance the management of wildfire risk and bolster
the durability of nature-based projects (Antwi et al., 2023). Innovations in this field
closely align with measurement, reporting, and verification technologies. Given the
increasing permanence risk associated with nature-based solutions projects, market
participants may consider turning to technology-driven removals as an alternative
(Patel, 2025).

The third core issue is leakage. This is when actions to reduce harvest (and
thus increase forest carbon sinks) in one region indirectly create incentives for third
parties to increase harvests (and thus decrease forest carbon sinks) elsewhere
(Ministry of Environment and Climate Change Strategy, 2024). Leakage is caused
by a shift in market equilibrium, as forest-conservation projects aiming to increase
the forest carbon sink reduce local timber supply, leading to increases in market
prices for timber and wood-based products, with ensuing pressures on forests
outside the project area (Schwarze et al., 2002). However, an increase in timber
supply confined to a particular geographical area is likewise susceptible to market-
effects leakage, leading to the opposite effect, i.e., potentially reducing harvest
pressures outside the area in question (Schulte et al., 2025). Research by the
Berkeley Carbon Trading Project on four common leakage methodologies for forest-
based projects found that many high-risk projects did not apply leakage deductions.
While academic literature indicates leakage rates can range from 10% to 70%, over

59% of the evaluated projects did not account for any deductions (Haya et al., 2023).

ECONOMIC VALUATION OF FOREST CARBON

The economic value of forest carbon can be estimated using prices from
established carbon markets, which reflect what buyers are willing to pay for the
ecosystem service of carbon sequestration. This analysis uses shadow prices

derived from both compliance and voluntary markets, as well as the Social Cost of
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Carbon, to assign a monetary value to the sequestration capacity measured in the
study area. It is essential to note that this is a non-market valuation exercise, which
quantifies the value of an existing ecosystem service and does not constitute a
feasibility study for an actual carbon credit project. The stringent requirements for
such a project—including establishing a credible baseline, demonstrating
additionality, and undergoing third-party verification (BC Ministry of Environment and
Climate Change Strategy, 2022), are beyond the scope of this thesis. Instead, by
applying these different carbon prices, this chapter highlights the substantial
economic value the forest currently provides for both market and non-market

beneficiaries.

Compliance Carbon Market

Canada’s GHG Offset Credit System was launched in June 2022, building on
the Pan-Canadian Greenhouse Gas Offsets Framework. The system's primary
purpose is to generate offset credits for use in the federal Output Based Pricing
System (OBPS). Thereby increasing the supply of compliance units for the system
through a performance-based system (Clean BC, 2025), reducing compliance costs
while creating incentives for voluntary GHG mitigation projects (Government of
Canada, 2025b). This system establishes a structured compliance framework that
requires companies that exceed their emission limits to either purchase offset
credits, submit earned credits, or make direct payments according to the OBPS
Compliance Charge (Clean BC, 2025). In 2023, BC announced that the compliance
charge was set at $65/tCO,e for 2023, increasing by $15 each year until it reaches
$170 in 2030 (Government of Canada, 2025b). This change has led to a higher
demand for legitimate and verifiable carbon offsets generated by forest carbon

projects in the province.

Clean BC (2025) reported that the compliance charge rate per tonne of CO,
equivalent is $95. According to ClearBlue Markets, industry commentary suggests
that offset units are already trading at a 10—20% discount to compliance charges,

implying forest offsets might be priced around $76-86/tCO,e in 2025. When a facility
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reports to be above the emission limit, it has a compliance obligation for each tonne
of CO,e above the emission limit. This obligation may be met through compliance
units, such as offset units, consisting of verified units representing emission
reductions and removals generated from approved BC carbon offset projects. An
offset unit can only be used if its vintage year is three years before the start of the

compliance period (Clean BC, 2025).

This compliance market establishes a tangible price for carbon, which can be
used as a proxy value to estimate the economic importance of the carbon
sequestration service provided by the Upper Clearwater Valley forests. The
protected forested area assessed in this research sequesters 666.18 tCO,e in
aboveground and belowground forest biomass. Using the 2025 compliance price of
$95/t CO,e as a benchmark, the annual carbon sequestration service of this forest
can be valued at approximately $63,287.1. It is important to highlight that this figure
reflects a non-market valuation of the ecosystem service. While this valuation
illustrates the economic significance of the ecosystem service, it solely assesses the
current baseline scenario and does not consider any projected scenarios that could

be adjusted for a carbon offset project.

Voluntary Carbon Market

Voluntary markets are a non-regulatory means of directing financial resources
to projects that deliver independently verified emissions reductions or other
environmental benefits (Government of British Columbia, 2025e). This type of
market operates independently of, and can be complementary to, compliance
markets (Dunkelman, 2025). Emitters participate in voluntary markets to meet
internal carbon reduction goals, achieve environmental, social, and governance
targets, fulfill customer contracts, address climate concerns, or offset emissions to
comply with green bonds and sustainability-linked debt agreements (Olexiuk et al.,
2024). The world's voluntary carbon market grew substantially in 2025, hitting 95
million in the first six months of 2025, the highest total recorded for a half-year. This

is fueled by record credit retirements, a focus on integrity, and increased interest in
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carbon removals compared to traditional avoidance credits (Saptakee, 2025). More
importantly, total retirement value increased 32%, indicating buyers are paying more

for the right ones (Sylvera, 2025).

Nature-based projects like Afforestation, Reforestation, and Revegetation
(ARR) are attracting premium prices. ARR credits sell for 24 USD per ton in the
primary market. These credits only make up 3.7% of total retirements, indicating
high demand but limited supply (Sylvera, 2025). This adjustment in the price is
causing developers to increase high-quality nature-based removal projects;
however, land access, cost, and long verification timelines hinder expansion
(Saptakee, 2025). The carbon market is demonstrating strong and growing demand
for high-quality Improved Forest Management (IFM) credits, with current credit
prices around 25 USD and projections reaching over 73 USD by 2035, driven by
increased use and declining emissions (Sylvera, 2025).

Investors prioritize IFM projects that are legally protected for permanence by
the local community, where proper and culturally appropriate engagement with
predominantly Indigenous and small landholder communities has been proven to
increase additionality (Smith, 2025). Their participation and action in the project
showcase their preference for conservation over other extractive activities. Keeping
these communities informed and engaged fosters their support, which is crucial for
ensuring the permanence of forest assets that can span decades to centuries
(Saptakee, 2025; Smith, 2025).

The trends in the voluntary market highlight a growing premium placed on
high-integrity, community-managed forest conservation. This market context
provides a useful reference price to quantify the ecosystem service of carbon
sequestration. For the already protected forested area in the Upper Clearwater
Valley, which sequesters 666.18 tCO,e, applying the voluntary market price of $24/t
CO,e yields a valuation of $15,988.32. This calculation serves to contextualize the
scale of the natural asset within the voluntary market framework. It is essential to
interpret this not as potential revenue, but as an expression of the carbon
sequestration benefit the forest currently provides. This "non-captured” value

highlights the community's existing contribution to global climate mitigation, a service
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currently provided without financial compensation, underscoring the importance of its

conservation.

Social Cost of Carbon in Canada

The ecosystems provide vast climate benefits through carbon storage and
ongoing sequestration in the forest biomass. These climate benefits provide an
additional quantifiable value to local and global communities, called the social cost of
carbon. The Social Cost of Carbon (SCC) in Canada estimates the present value of
future global damages caused by emitting one additional tonne of carbon dioxide
into the atmosphere. This estimate relies on models that simulate the interactions
between greenhouse gas emissions, climate change, and the global economy, often
extending to the year 2300. The resulting damage estimations are then converted
into monetary values to reflect the cost of each additional tonne of emissions
(Government of Canada, 2023).

Canada has adopted the methodological framework developed by the United
States Interagency Working Group (IWG) to calculate SCC, with modifications fitting
Canadian inflation and currency. A key feature of Canada’s SCC is the use of global
damage estimates, acknowledging the interconnected nature of climate change
impacts, regardless of where emissions occur (Government of Canada, 2023).
Discount rates are applied to translate future costs or benefits into present-day
values; they reflect how much the future will be valued compared to the present.
Then, a higher rate means we value future impacts less, and a lower rate means we
value them more (U.S. Environmental Protection Agency, 2023). Canada uses 1.5%,
2%, and 3% discount rates to capture a range of perspectives on how society might

value future climate damages (Government of Canada, 2023).

One of the primary advantages of using the SCC is that it provides a scientific
and economic estimate of the actual cost of emissions, given the scale of the
variables involved in the calculations. This estimate has been used for decision-
making that would lead to changes in GHG emissions, such as in the context of

federal impact assessments, specifically, as part of the cost-benefit analysis of
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regulatory proposals (Government of Canada, 2023). The SCC also faces several
criticisms. Its estimates are susceptible to small changes in assumptions about
future socioeconomic pathways, climate sensitivity, and especially the discount rate,
which determines how much future damages are valued today, raising concerns
about uncertainty and transparency (Evans et al., 2017; Kotchen, 2016; Simpson et
al., 2021).

From this perspective and considering the previously presented prices of the
CO,eq in Canada's compliance and voluntary market, it is relevant to compare the
current amounts traded and used to undertake environmental projects at different
scales. As of 2025, this results in a central SCC estimate of $271/ tCO,e. Each
economic valuation has specific assumptions and scopes that need to be evaluated
to determine its suitability for use, particularly for the study area of this research.
Table 4.3 summarizes the three economic valuations used in this research and their

specific implications.

Category Carbon Price Purpose General Implications
(CAD)
Voluntary $15-90 tCO.,e Supports carbon | Enables private actors to offset
Market (e.g., IFM credits as offset projects emissions voluntarily; pricing is
of 2024—-2035 (e.g., forestry, variable and project-dependent.
projection)* renewables)
Compliance | $80 /tCO,e; rising Meets regulatory | Creates financial incentive to
Market $15/year to reach obligations under | reduce emissions; affects fuel
$170 by 2030 federal/provincial | costs and industrial operations.
systems
Social Cost | $261/tCO,e(central = Used in the cost- | Reflects the long-term climate
of Carbon estimate at 2% benefit analysis of | damage per tonne of CO,;
discount rate)** federal informs climate policy design,
regulations not trading.

Table 4.3 Comparison of the carbon price in Canada in the voluntary and compliance market, and the
social cost of carbon
As indicated in Table 4.3, carbon credit prices and the social cost of carbon
(SCC) are distinct. The price in a compliance market is determined primarily by the
stringency of the regulation it serves, such as a government-set carbon tax or
emissions cap. Conversely, voluntary market prices are shaped by dynamic factors,
including buyer demand for high-integrity credits, project-specific quality, and co-

benefits such as biodiversity conservation. The SCC, in contrast, is an estimated
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metric of the global economic damages associated with emitting one tonne of
carbon, representing the value of damages foregone by reducing emissions. While
the SCC is useful for informing long-term policy goals by quantifying the broader
societal cost of carbon, compliance and voluntary market prices are practical,
actionable signals. Consequently, carbon market prices are reference points for
assessing whether carbon pricing or mitigation efforts are ambitious (OECD, 2023).
These market prices incentivize immediate emissions reductions and serve as
reference points for assessing the ambition of current mitigation efforts (World Bank,
2023).

From another perspective, some climate impacts can have complex
socioeconomic implications that cannot be translated into monetary terms. Civil
conflict, socioeconomic inequity and human migration, for example, fall into this
category of “identifiable but hard to quantify” impacts (Evans et al., 2017). This
represents a critical bias for policymakers and budgeting managers, as climate
change-related projects will likely compete neck-and-neck with basic-needs projects
once their economic valuation has been run at a larger scale that generalizes

geographically socioeconomic needs (Hashemi, 2024).

The use of a global SCC may not reflect Canada's domestic priorities and
could be politically controversial if used to justify stringent national regulations
without clear domestic benefits (Kotchen, 2016; World Bank, 2023). These
limitations have led to the criticism that the SCC estimations are skewed since it is
easier to see mitigation costs than the benefits of not emitting (Evans et al., 2017). In
this sense, SCC is only a relevant tool to determine the economic value of forested
areas with high carbon capacity in the context of regional, provincial or national
policymaking. Despite its significance for high-level environmental programs, using
SCC for calculating the economic value of the private forested areas in the Upper
Clearwater Valley is not appropriate since local decisions would not be made based
on this high value but on the carbon market price that eventually will represent a

tangible transaction for landowners.
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THE IMPACTS OF FOREST CARBON COMMODIFICATION

Even though offsetting programs often cover several GHG reduction
practices, to allow project managers to find a combination of practices aligned with
their values, which increases local community engagement (ClimeCo, 2024;
Emerick, 2024; Smith, 2025; Wilson, 2019), implementing them typically involves the
loss of economic opportunity for some stakeholders in the regional area due to a
decrease and/or elimination of timber harvesting. In the long term, the project
creates an offsetting amount of direct economic benefits for stakeholders and the
local community due to property planning and management, project monitoring,

project activities and increases recreational activity opportunities (Wilson, 2019).

Nevertheless, the development of carbon markets has met challenges in
Canada. Shrestha et al. (2022) identify questions of leakage, permanence,
additionality, and monitoring design as issues that continue to challenge the
expansion of carbon offsetting within global emissions trading systems. Permanence
concerns whether carbon can be securely stored over time, while additionality
questions whether the project would have occurred without carbon credit funding
(Van Kooten et al., 2015). Attributability examines whether observed emissions
reductions are directly due to the project rather than external factors, and leakage
refers to the possibility that emission reductions in one area may cause increases
elsewhere (Cline, 2024; Ministry of Environment and Climate Change Strategy,
2024; Van Kooten et al., 2015; Wilson, 2019). These concepts represent key risks
that carbon offset project developers must assess to avoid overstating carbon

sequestration capacity.

Critics argue that carbon markets enable large polluters to delay real
emissions reductions, raising questions of environmental justice and market integrity
(Emerick, 2024), carbon ownership, and social license for projects (Van Kooten et
al., 2015). These concerns have become notorious as the use of carbon offsets has
grown, with accusations of greenwashing against companies and the government. In
this case, greenwashing refers to a situation where the climate benefits that a

particular company claims do not match the reality, since they have chosen risk
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over-crediting projects (Gabbastiss et al., 2023). To clarify these claims, in 2023,
the carbon-credit-rating company Sylvera, found that purchasing offsets was
associated with actual emissions reductions, arguing that, in addition to the
standards, there is a supporting system of auditors who prevent over-crediting
(Sylvera, 2023).

In a systematic account of offset policies, Hahn and Richards (2013) argue
that offset programs can potentially reduce the costs of achieving environmental
targets. This is difficult to establish in practice due to the vast array of options for
trading sequestration services. Antwi et al. (2023) suggest that more investment in
research is needed to address the challenges associated with assessing and
reporting on climate change adaptation and mitigation practices, which include
strengthening the link between forest practices and carbon accounting at provincial
and territorial scales. Nonetheless, the value of forests in mitigating climate change
impacts remains a continued area of research and economic interest (Gullbrandsen
and Wettestad 2022; Shrestha et al. 2022), and recent policy decisions are now

ensuring that the carbon reductions are real and properly accounted for.

CONCLUSION

The current configuration of the private protected forest in the Upper
Clearwater Valley does not yet support a financially viable forest carbon offset
project due to its limited area, unless an aggregated project with neighbouring forest
patches is implemented. Expanding the project beyond the lands owned by
Thompson Rivers University, Edgewood Blue, and The Land Conservancy could
shift the carbon scenario, favouring the carbon storage and sequestration rates that
the carbon market demands. The initiative could deliver various co-benefits if
conservation-minded landowners across the valley collaborate to develop an
aggregated project. These include enhanced ecosystem services, increased
resilience to climate change, and meaningful contributions to local well-being
through job creation, economic development, and improved quality of life for

surrounding communities.
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Rural communities in BC, such as the Upper Clearwater Valley, whose
members are seeking sustainable practices that maintain and enhance ecosystem
services, require capacity-building and support to navigate the technical risks,
regulatory, and financial aspects of carbon projects. Due to the high risks involved, a
carbon project with these characteristics requires support from land managers and
district and regional governments. Long-term commitments are essential to ensure
the project's success, particularly regarding land use planning strategies that will not
adversely affect the surrounding area. The incorporation of crown lands and actively
engaging the local community in these initiatives can provide crucial alternative

support for the project.

This research applied a non-market valuation to the carbon sequestration
service provided by the Upper Clearwater Valley forest. The analysis used three
distinct metrics: the provincial compliance price, the voluntary market price, and the
SCC. The results demonstrate that the value of this ecosystem service under the
current conservation scenario is highly dependent on the chosen metric. The
compliance and voluntary market prices provide a conservative, market-based
estimate reflective of current policy and corporate demand. In contrast, the SCC,
which aims to capture the global economic damages avoided by emissions
reductions, assigns a significantly higher value to the same sequestration service.
This disparity highlights that the forest's carbon sequestration represents a
substantial, non-marketed benefit, whose estimated monetary value varies
depending on the perspective of the beneficiary, whether it is a regulatory market, a

voluntary buyer, or global society.

This research demonstrates that the carbon sequestration capacity of the
study area provides a valuable, yet non-marketed, ecosystem service. By applying
different valuation metrics, the analysis quantifies this service in monetary terms,
revealing a substantial annual value that contributes to the natural capital of the
Upper Clearwater Valley. While this study did not conduct a carbon offset project
feasibility analysis, which would require establishing a modelling additionality, the
valuations presented provide an indispensable foundation for such future work.

Ultimately, this analysis underscores that the value of these forests extends far
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beyond traditional timber, highlighting the vital role of ecosystem service valuation in

guiding sustainable land-use decisions and climate policy for rural communities.
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Chapter 5. Conclusion

THE ASSESSMENT OF PRIVATE FOREST CARBON FOR POLICY-MAKING

Carbon stock modelling at the landscape scale demonstrates that national-
scale models have underestimated carbon density (Drever et al., 2021; Walker et al.,
2022). Globally, governments rely on carbon models with a maximum resolution of
250 m due to their suitability for provincial-level decision-making (Ploton et al.,
2020). Nevertheless, regional and municipal governments cannot access finer
information on current carbon storage and sequestration rates to plan land use
changes that aim to adapt communities to the adverse effects of climate change on
vegetation and soil productivity, climate regulation, and water provision (Carrie
Moffatt, 2020). Based on these findings and the constant struggle to find ways to
manage the impacts of the climate change crisis, regional and municipal
governments should start investing in and adopting carbon models at a fine scale,
which could at least provide a starting point to prioritize areas where deeper
assessments can be conducted (Bubnicki et al., 2024; Meyer et al., 2019; Sothe et
al., 2022). This study exemplifies this application. LiDAR-assisted biomass modelling
for high-priority carbon areas like the Interior Cedar-Hemlock (ICH) zone is
paramount to create more accurate provincial carbon budgets and identify carbon

hotspots.

While accurately estimating carbon storage is essential for quantifying
existing climate mitigation assets, as most of the national models have done, the
measurement of carbon sequestration enables governments to achieve and scale
their climate goals. The understanding of how sequestration rates transforms a static
carbon stocks inventory into a dynamic management serve as a tool to allow
policymakers to project progress toward carbon neutrality or reduction targets,
evaluate the effectiveness of reforestation and improved forest management
programs, and make strategic investments in the landscapes with the highest
drawdown potential (Antwi et al., 2023; Smyth et al., 2023). For governments and

climate action project managers, both carbon storage and sequestration metrics are
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critical to understand the forests' accumulation potential, to ensure that actions can
be taken to enhance the land’s capacity to serve as a growing carbon sink (Sharma
et al., 2023).

Historically, policies have often prioritized the protection of old-growth forests
since their scientific study was extensive in the previous century, but it is crucial to
extend this focus to include and incentivize the safeguarding of maturing secondary
forests as well (Mina et al., 2022). Research indicates that private mid-successional
forests are not merely "future old-growth" but are, in fact, important carbon
reservoirs currently exhibiting high sequestration rates (Schuldt et al., 2023; Yang et
al., 2023). These areas should be regarded as essential conservation priorities. It is
essential to introduce new regulations and promote the value of mid-successional
forests for their carbon storage and sequestration benefits, effectively making them a

key component of BC's climate mitigation strategy.

The recognition of forested areas on private lands is a valuable asset for
conservation, watershed protection, and wildfire mitigation. Despite this, relying on
private management to meet government objectives can pose challenges in terms of
supervision and resource management (Lamb et al., 2021). Thus, it is vital to
expand the conservation financing mechanisms specifically to support the purchase
of conservation covenants or the acquisition of private lands in crucial connectivity
areas (Miller et al., 2012), such as the rangelands north of the study area, to

facilitate the establishment of the proposed forest corridors.

The findings of this research emphasize that the social value of forest carbon
in the Upper Clearwater Valley is inherently tied to the motivations and needs of
diverse stakeholders who interact with these forest fragments on private and crown
lands. Interviewees clarified that forests are not only seen as tools to mitigate and
adapt to climate change through carbon sequestration but are also part of the
region's economic and cultural roots. At the same time, their insights underscore the
challenges associated with forest fragmentation management in a very land-use

diverse valley. This dual role highlights the necessity of adopting management
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approaches that balance ecological conservation with long-term livelihood security
(Howe et al., 2014).

Stakeholders expressed concern that provincial-level decision-making does
not always translate into local benefits for the valley. Therefore, private lands
emerged as the most viable starting point for implementing forest carbon projects
because of their flexibility, the strong sense of stewardship among some
landowners, and precedents such as the FireSmart program. This offers a chance to
add carbon sequestration goals to already locally accepted programs, strengthening
community resilience while simultaneously contributing to climate change mitigation.
In fact, the benefits of greenhouse gas mitigation are greater for properties that have
been involved in the FireSmart program, particularly when stands were rehabilitated
30 to 40 years before a wildfire occurred (Metsaranta et al., 2023). This
demonstrates that the existing protected forest can serve as an exemplary model of

forest management for the residents of the valley.

The role of forestry and tourism in the region illustrates that climate solutions
could be efficiently incorporated into economic activities. For instance, low-impact
tourism operators using the Wells Gray Provincial Park buffer area have
demonstrated that conservation and recreation can be mutually reinforcing. From
their own legal and operational limitations, the local community forest corporation
claims to be committed to sustainable harvesting practices. If these commitments
materialize, the forestry company could open a window for linking conservation
outcomes to working forest models. The Forest and Range Practices Act (FRPA),
guided by the Community Forest Agreements, provides the forestry legal framework,
which establishes operational limitations and mandates sustainable forest
management plans. These regulations are instrumental to transform harvesting into

carbon sequestration enhancement plans within the rural development framework.

Another critical dimension emerging from this research is the need for greater
engagement from regional authorities. Stakeholders consistently identified gaps in
communication and collaboration, suggesting that a more participatory governance

model is necessary, given the valley's high value for tourism around Wells Gray
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Provincial Park. For the Thompson-Nicola region, this indicates that future policy
should involve establishing programs for carbon and climate-related projects, to
support communities, such as those in the Upper Clearwater Valley, to shape project
parameters and long-term management strategies. The Thompson-Nicola Regional
District (TNRD) owns Official Community Plans (OCPs) and a Regional Growth
Strategy (Thompson-Nicola Regional District, 2025), where they acknowledge the
need for collaboration. Despite this, significant involvement of the community in
carbon-related projects has not been implemented yet. Carbon-related strategies
could reward private stewardship practices through tax incentives, conservation
easements, or community carbon funds to reinforce the emergence and continuity of

such projects alongside community development.

While the ecological and social benefits of expanding forest carbon projects in
the valley are evident, the research also demonstrates that current configurations of
protected land are insufficient to generate viable carbon credits in the short term.
The project becomes financially feasible when its scope expands beyond the already
private protected areas. This creates challenges and opportunities for BC’s policy
framework. Even though the provincial government have launched programs such
as CleanBC Community Fund (Government of British Columbia, 2025a) and the
Forest Carbon Initiative (Ministry of Forests, 2024) explicitly supports large projects
that reduce emissions through various streams. These programs could better be
tailored and promoted in rural, tourism-dependent communities like the Upper
Clearwater Valley. In addition, there are multiple limitations for small-scale projects
within the current carbon market structure and a lack of capacity to navigate these
types of projects’ requirements. Consequently, proactive support from agencies such
as the TNRD is needed to help communities like Clearwater navigate the application

process.

Policy implications include integrating crown lands into carbon sequestration
initiatives. While private lands are the immediate focus, involving provincial crown
lands can enhance project stability and continuity. To support this, the municipality of
Clearwater should revise its Community Economic Development Strategy to include

principles that encourage private landowners to conserve wooded areas and other
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ecologically significant vegetation—an element currently missing from the strategy
(District of Clearwater, 2021). The municipality could also engage in provincial
integrated resource planning to foster collaboration across public and private lands,
enhancing ecological connectivity and generating shared economic benefits through
carbon markets. The fluctuations in carbon credit valuations driven by market
demand and regulatory shifts add complexity to multi-level government programs.
These dynamics highlight the need for provincial intervention to stabilize rural carbon

projects through risk-sharing mechanisms.

Finally, the broader implication of this research is that rural carbon projects
like the one proposed in the Upper Clearwater Valley represent more than a
mechanism for reducing emissions. They can act as catalysts for community
development, job creation, and the diversification of rural economies. By aligning
local stewardship practices with provincial and national climate policies, such
projects provide a model for integrating environmental and socioeconomic
objectives. The success of these projects will depend on multi-level governance
approaches that combine the flexibility of local decision-making with the support of

provincial institutions.

LIMITATIONS OF THE RESEARCH

The tree-inventory-based model proved to be the most accurate method for
estimating carbon sequestration, primarily due to its in-situ collection of detailed
forest metrics—including land use, total and live tree height, crown base height,
crown width, percent crown missing, crown health, and crown light exposure. These
inputs allow the model to more effectively capture the structural and functional
characteristics of the forest in the study area. However, its accuracy is limited by the

scope of the pilot sample, which covered only 10% of the total study area.

The remote-sensing-based model had a moderate level of accuracy due to
several errors inherent to spatial analysis standard procedures, such as individual
tree georeferenced mismatches from GPS field data to individual tree LIiDAR point

clouds and, therefore, segmentation errors. Since LIDAR data does not allow for
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modelling DBH, a regression model was run to predict DBH for all the trees identified
in the LIDAR data based on field data. The model's foundation is also contingent
upon the accuracy of the DBH regression model derived from field data. Any bias or
error in this initial step is propagated through the entire biomass estimation process.

This process step led to errors in the final model added from DBH prediction model.

Furthermore, the LiDAR-derived metrics, while detailed, may not fully capture
the complex three-dimensional structure of the forest or species-specific allometric
relationships, potentially leading to generalization errors. The tree detection
accuracy of the model using LIDAR data delivered values of forest biomass that
need to be refined to estimate a more accurate carbon sequestration capacity.
Finally, the stark contrast in variable importance between the two slopes suggests
that the model is not readily transferable, limiting its application to other areas
without localized recalibration. The fine scale of this spatial analysis and the
particularity of the machine learning methods used to process the LIiDAR data limit
our approach's applicability in other regions regarding its transferability and

scalability.

The carbon sequestration estimates generated by both models are limited to
the geographic boundaries of the study area and reflect the forest’s health and
structural characteristics at the time of data collection. The analysis captures current
carbon storage and sequestration capacity, assuming the forest retains its existing
height and age distribution. Stand-level assessments require extensive plot data to
develop reliable empirical models for biomass estimation. Thereby, this research
carbon sequestration model is only applicable to mixed-wood forests in early
successional stages within the Upper Clearwater region that share similar structural
attributes and are subject to comparable management practices and environmental

pressures.

The conclusions regarding the socioeconomic value of forest carbon are
based solely on input from a subset of stakeholders in the Upper Clearwater Valley,
drawn from a broader spectrum of landowners, land managers, and decision-

makers. Interviewees were intentionally selected for their roles within strategic
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community, academic, and sociopolitical groups that influence land use decisions in
the region. Their perspectives ranged from strong advocacy for complete forest
preservation, to support for landscape-level interventions, and to active forest
management aimed at maximizing resource use. Due to the scale of the study,
voices from other potentially affected groups, such as Indigenous communities,
recreational users, and small-scale landowners not contacted but willing to manifest

their mind were absent.

Additionally, most interviewees stated that some private landowners in the
valley may not be willing to share their insights due to the exploratory nature of this
research or because they have already expressed their preferences for the type of
use they want to make of their lands. To conduct broader-scale research on the
viability of creating a proper forest corridor or private reserve, consulting more
private landowners whose lands are suitable for inclusion in the managed area,

based on a previous robust feasibility assessment, would be necessary.

The economic feasibility assessment of the hypothetical forest carbon offset
project in the valley was conducted based on certain assumptions outlined in
Chapter 4, which were derived from a reference case study analyzed by consultants
at ClimeCo. These assumptions align with the BC Protocol for Forest Carbon, the
consultants' expertise, and the current administrative costs established by
recognized private companies and the BC government. It is essential to emphasize
that the recommendations regarding the feasibility of the project depend on multiple
factors, including the project size, type, anticipated carbon sequestration timeline,
the proportion of wood that can be harvested within the project's framework, and the
level of deforestation threat considered in the assessment. This information should
serve as a foundational reference point for making informed decisions about
developing a tailored project that reflects the socioeconomic and ecological

characteristics of the land involved.
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FUTURE RESEARCH

Accurate estimates of stored carbon and understanding sources and sinks
can improve the accuracy of carbon flux models and thus lead to better projections
of climate change and impacts. In this sense, above-ground biomass estimates are
the central basis for carbon inventories and most international negotiations in carbon
trading schemes. Carbon trading markets require long-term information on carbon
stocks, particularly on the above-ground ‘live’ biomass component, as this is the
most dynamic, changing and manipulable component of all the biomass pools

(Kumar & Mutanga, 2017). This is the ‘merchantable’ component of biomass.

Sample size can impact statistical analyses. Therefore, further analysis for
the same area could consider a larger number of plots needed for deriving stable
results. The plots should be sufficiently large to include enough trees, which shows
the stand structure. High-accuracy models to predict above-ground biomass using
LiDAR data from several studies comprehend plot sampling series of 2-3 years
(Assmuth et al., 2021; Awaya & Takahashi, 2017; X. Chen et al., 2024; Sothe et al.,
2022), which provides a wide timeframe for collecting data and capturing changes in
the forest structure over a short time. This could represent opportunities to
accurately estimate carbon storage and sequestration under climate change threats.
This will enrich the model's training data and reflect patterns in the distribution of

species clusters and the distribution of age and height in the forests.

To enhance the model's accuracy using LIDAR data, separating areas with
different tree species clusters would be essential to improve the biomass mapping
[19]. Individual analyses of different species’ clusters improve the prediction
accuracy of forest variables (Awaya & Takahashi, 2017; Cao et al., 2014; Liu et al.,
2017). Most LiDAR-based studies separately analyzed the biomass of conifer,
broadleaved, or mixed forests. The performance of LiDAR data for biomass
estimation is probably different among forest types (Cao et al., 2014). Minimizing the
influence of DTM accuracy is important to evaluate the performance of LIiDAR point

data for stand volume estimation (Awaya & Takahashi, 2017).



155

Given the socioeconomic valuation of carbon sequestration results, the
expansion of the forest through a community-based corridor project across several
private lands appears feasible. Non-interviewed landowners in the valley are already
engaged in conservation initiatives led by The Land Conservancy, Edgewood Blue,
and Thompson Rivers University. This creates a foundation for broader
collaboration. Building on the existing network of landowners practicing fire-smart
management, such a project could indirectly enhance carbon sequestration while
reducing wildfire risks. To develop improved vegetation management strategies
aligning with fire protection and carbon storage objectives would strengthen the

groundwork for a robust, community-based conservation initiative.

The first step in advancing such a project is to conduct a social mapping of
the valley. This process would identify: (1) the distribution of groups based on their
willingness to participate; (2) forest patches with higher carbon sequestration
potential and fire resistance; (3) existing social networks; (4) perceived power
dynamics; and (5) areas of exclusion arising from social or land-use conflicts.
Interview insights can inform this initial mapping by highlighting additional factors not
addressed in the present study (Buckingham et al., 2018; Cusens et al., 2023; Sothe
et al., 2022). Furthermore, involving representatives from other stakeholder groups
in the mapping process would ensure that higher-level governments know
community intentions and priorities, to foster alignment between local conservation

efforts and broader policy frameworks.

Under this scenario, incorporating the Simpcw First Nation into social
mapping is essential. This would also enable the integration of Indigenous
knowledge and practices into landscape-based management. By visualizing land
use, rights, and community priorities, social mapping can highlight opportunities for
issuing new harvesting licenses over Crown lands to the Simpcw that are consistent
with Canada’s reconciliation framework. This approach respects Indigenous rights
and enhances ecosystem services by aligning traditional stewardship with
sustainable resource management (Government of Canada, 2024b). Through this
process, social mapping becomes a tool to bridge ecological planning with

Indigenous communities' lived realities and priorities.
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At the policy level, the federal Offset System supports voluntary greenhouse
gas (GHG) reductions beyond business-as-usual practices. This establishes
potential for Indigenous-led projects that align with Canada’s commitment to the UN
Declaration on the Rights of Indigenous Peoples (Government of Canada, 2024b).
Forming a Protocol Focus Group for Improved Forest Management on private and
Indigenous lands offers incentives for Indigenous participation in project leadership,
monitoring, and risk management (Government of Canada, 2024a). In the context of
Crown or public lands, social mapping can help ensure projects are consistent with
principles of Indigenous rights recognition, provincial authority, and transparent

entitlement to offset credits (Cusens et al., 2023).

In addition, the participation of tourism operators and the local community
forest is critical to build partnerships that secure the project's long-term success. The
Wells Gray Community Forest Corporation community forest could designate
ecologically significant areas to remain unharvested, contributing to carbon storage
while forming a strategic corridor, supporting wildlife movement and enhancing
genetic exchange among vegetation, thereby strengthening forest resilience.
Simultaneously, a landscape-based tourism approach will raise awareness of
conserving private lands within buffer zones surrounding large protected areas, such

as Wells Gray Provincial Park.

Finally, social mapping can also serve as a foundation for identifying
opportunities to generate economic income through carbon offset projects. By linking
land ownership, management practices, and areas of high carbon sequestration
potential, social mapping will determine which properties or community-managed
lands can participate in federal or voluntary offset systems. This creates pathways
for landowners, Indigenous communities, and local organizations to benefit
financially from improved forest management, restoration, or conservation practices
that go beyond legal requirements. Linking these economic incentives to community
supports long-term project viability and prioritizes conservation efforts are socially

inclusive, locally driven, and aligned with broader climate policy frameworks.
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APPENDIX A. Stakeholders’ interview guide

Perceptions of Carbon Sequestration and Forest Conservation in the

Clearwater Valley (buffer area for Wells Gray Provincial Park)

1. Introduction

1.1. Thesis background

| aim to assess the ecological, economic, and social value of carbon sequestration in
the private lands of the buffer area of Wells Gray Provincial Park in the Clearwater
Valley, as well as the current economic conditions and potential future benefits of
these territories as part of carbon offset projects. This area is critical due to its
ecological importance as a biodiversity hotspot of interior BC. However, it has
undergone different management processes, gradually losing its ecological
importance and the possibility of stabilizing or increasing its carbon sequestration

potential.

1.2. Purpose of the Interview
That is why, as part of the social dimension, | aim to gain insights from people with
different connections (scientific expertise, land knowledge and management,

decision-making) with the territory about its forest's carbon sequestration potential.

1.3. Consent

This conversation will be recorded by Microsoft Teams if virtual or by a recorder if in-
person, and will be transcribed through the TurboScribe Premium software to
identify the key themes discussed. Once the transcript is completed, it will be sent
via email for your review, edit and approval. Please let me know if you prefer to have
complete anonymity or be identified through pseudonyms or codes in the documents

produced from this research.
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2. Interview

21. Agreement with Forest Conservation

Ecosystem Services and Climate Role:

o

What are your thoughts on the effectiveness of the forests to mitigate

climate change through carbon sequestration?

Knowledge of Local Conservation Efforts:

o

Are you aware of any initiatives in this region linked to forest
conservation on private lands?

Do you believe that the conservation of forests in private lands could
impact ecological processes in the provincial park?

Do you think forest conservation or restoration is viable for the area's

landowners?

Perceived Barriers:

o

How do you think land-use decisions in the buffer areas could prioritize
the benefits of carbon sequestration?

What are the biggest challenges to forest conservation in this area?
Do you believe there is enough local or provincial support to conserve

forests here? Government?

2.2, Economic and Social Value of Carbon Sequestration

O

o

2.3.

How do you think forest conservation impacts the local economy and
employment opportunities?
How important do you think forest conservation is for tourism and

recreation in the Clearwater Valley?

Carbon offset projects for forest conservation

Forest conservation and management practices have the potential to provide

economic co-benefits, such as carbon credits. These credits can be sold in the

voluntary carbon market, so the companies that cannot reach their greenhouse gas

emission targets can purchase carbon offset credits by investing in environmental

projects. Those projects can range in scale from very small (e.g., reducing a few
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hundred tonnes of CO2 per year) to very large (e.g., millions of tonnes reduced per
year).
Carbon Credit Programs:
o Would implementing a forest conservation project to sell carbon credits
be viable in the area?
o Do you think this type of project could benefit the community apart
from the land owner or the organization?
o Do you think the local community or the municipal government can
support this project?
Incentives for Landowners:
o Alternatively, do you know any regional programs that pay landowners
to maintain forests for carbon sequestration? Would you support such

initiatives?
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APPENDIX B. Summary of field training data processing for model
training

Forest structure

The 3 acres (0.08 km?) of protected forest tree inventory between the
Edgewood Blue and the Land Conservancy properties encompassed 1,247 trees of
eight species. The three most common and dominant leaf species are: white spruce
(50%), subalpine fir (18.6%), and trembling aspen (8.1%).

Table AB1 lists the species with their importance values. Importance values
are calculated as the sum of the percent population and the percent leaf area. High
importance values do not necessarily mean that these trees should be encouraged
in the future for vegetation management; instead, these species currently dominate

the forest structure.

Species name Percent Percent Importance
population Leaf Area value

White spruce (Picea glauca) 50.0 39.6 89.6
Subalpine fir (Abies lasiocarpa) 18.6 15.7 34.3
Trembling aspen (Populus tremuloides) | 8.1 16.2 24.3

White birch (Betula papyrifera) 7.3 121 19.4
Western hemlock (Tsuga heterophylla) | 5.6 1.7 7.3
Lodgepole pine (Pinus contorta ) 2.3 0.6 29

Black cottonwood (Populus balsamifera) @ 1.4 6.1 7.4
Western red cedar (Thuja plicata) 1.3 5.2 6.5

Table AB1 Tree species abundance distribution in the 3-acre forest plot

Evergreen coniferous forest dominates the study area's vegetative cover in

abundance and the leaf area, but there is also a presence of mixed deciduous tree


http://linnet.geog.ubc.ca/Atlas/Atlas.aspx?sciname=Picea%20glauca&redblue=Both&lifeform=1
http://linnet.geog.ubc.ca/Atlas/Atlas.aspx?sciname=Abies%20lasiocarpa%20var.%20lasiocarpa
http://linnet.geog.ubc.ca/Atlas/Atlas.aspx?sciname=Populus%20tremuloides
http://linnet.geog.ubc.ca/Atlas/Atlas.aspx?sciname=Betula%20papyrifera&redblue=Both&lifeform=2
http://linnet.geog.ubc.ca/Atlas/Atlas.aspx?sciname=Tsuga%20heterophylla&redblue=Both&lifeform=1
http://linnet.geog.ubc.ca/Atlas/Atlas.aspx?sciname=Pinus%20contorta%20var.%20latifolia
http://linnet.geog.ubc.ca/Atlas/Atlas.aspx?sciname=Populus%20balsamifera%20ssp.%20trichocarpa&redblue=Both&lifeform=2
http://linnet.geog.ubc.ca/Atlas/Atlas.aspx?sciname=Thuja%20plicata
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species. This forest composition corresponds to most low to medium-elevation
forests of the Central Interior Ecoprovince. White spruce and subalpine fir join
lodgepole pine as the dominant conifers over much of the moister southern half of
the Interior Plateau (Klinkenberg, 2023). Nevertheless, old-growth forests in the
region are dominated by western hemlock and western redcedar, while vegetation is
relatively diverse, and deciduous forests are increasing towards the northeast
(Demarchi, 2011).

Regarding the deciduous tree species, the occurrence of stands of trembling
aspen and paper birch indicates finer soil materials (Demarchi, 2011), while black
cottonwood is characteristic of past fluvial processes, since it regenerates well after
floods, channel migration, or other disturbances that expose bare mineral soil (Hood
& Naiman, 2000). Given the abundance and diversity of the tree species, it is crucial
to determine the forest's successional stage through a complementary analysis of

the DBH distribution, as shown in Figure AB1.
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Figure AB1 DBH distribution of the trees sampled in the western protected forest plots

The DBH distribution of the western forest sample shows that about 45% of
the trees fall within the smallest diameter class (0—3 inches), followed by a steadily
declining proportion across larger classes and only a few trees in the mid-range.

Notably, there is a slight increase in the largest DBH class (> 48 inches). These
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height distributions provide evidence for the development of a continuous canopy
from the ground to the tops of the tallest trees with Douglas-fir occupying the highest
canopy positions and western hemlock and western redcedar filling in the
intermediate canopy positions in the Pacific Northwest forest of North

America (Freund et al., 2015).

Carbon storage and sequestration estimation

In the Upper Clearwater Valley, private landowners manage a mosaic of land
uses, including residential development, small-scale agriculture, grazing, and
forested areas. Given that most properties span approximately 10 acres, it is
reasonable to assume that 2 to 5 acres could be allocated for forest conservation,
particularly since many landowners already maintain forest patches. This integrated
land-use approach offers a promising pathway for advancing forest conservation
across the valley by emphasizing the ecological and economic value of these forests

without disrupting existing land-based livelihoods.

Total carbon storage refers to the carbon currently locked in above ground
and below grand biomass of live trees. In contrast, carbon sequestration measures
the additional carbon that forests absorb yearly through growth. Carbon storage and
sequestration are typically expressed in terms of CO, equivalent (CO.eq). Table AB2
presents the carbon storage amount and CO,eq of the trees sampled in the 3-acre

protected forest for each species.

) Carbon Carbon CO, eq
Species name
storage (ton) | storage (%) (ton)
White spruce (P. glauca) 446.3 47.5 1,636.5
Trembling aspen (P. tremuloides) 186.2 19.8 682.7

White birch (B. papyrifera) 106.0 11.3 388.5


http://linnet.geog.ubc.ca/Atlas/Atlas.aspx?sciname=Picea%20glauca&redblue=Both&lifeform=1
http://linnet.geog.ubc.ca/Atlas/Atlas.aspx?sciname=Populus%20tremuloides
http://linnet.geog.ubc.ca/Atlas/Atlas.aspx?sciname=Betula%20papyrifera&redblue=Both&lifeform=2
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Species name Carbon Carbon CO,eq
storage (ton) | storage (%) (ton)
Western red cedar (T. plicata) 50.7 5.4 186.0
Subalpine fir (A. lasiocarpa) 53.0 5.6 194.3
Black cottonwood (P. balsamifera) 28.4 3.0 104.3
Western hemlock (T. heterophyilla) 13.1 14 48.2
Lodgepole pine (P. contorta ) 0.9 0.1 3.4
Total 939.4 100 3,444.9

Table AB2 Carbon storage of the trees in the western protected forest plots

The carbon storage data reinforce the DBH-based interpretation of this forest
as a structurally complex system dominated by late-successional species. White
spruce alone accounts for nearly half of the total carbon (47.5%), indicating the
presence of large, long-lived individuals that align with the largest DBH classes.
Trembling aspen (19.8%) and paper birch (11.3%) are major contributors, with
spruce comprising 78% of the total carbon stock. This dominance of large conifers
and mature hardwoods is consistent with developing a replaced canopy posterior to
the wildfire disturbance (Demarchi, 2011).

The next step is to estimate the forest's carbon storage and carbon
sequestration capacity to evaluate its capacity for mitigating climate change effects
through carbon sequestration. For this analysis, Figures AB3 and AB4demonstrate
the carbon stock and annual carbon sequestration value per species in the 3-acre

pilot study area.


http://linnet.geog.ubc.ca/Atlas/Atlas.aspx?sciname=Thuja%20plicata
http://linnet.geog.ubc.ca/Atlas/Atlas.aspx?sciname=Abies%20lasiocarpa%20var.%20lasiocarpa
http://linnet.geog.ubc.ca/Atlas/Atlas.aspx?sciname=Populus%20balsamifera%20ssp.%20trichocarpa&redblue=Both&lifeform=2
http://linnet.geog.ubc.ca/Atlas/Atlas.aspx?sciname=Tsuga%20heterophylla&redblue=Both&lifeform=1
http://linnet.geog.ubc.ca/Atlas/Atlas.aspx?sciname=Pinus%20contorta%20var.%20latifolia
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Figure AB3 Carbon stock of the 3-acre forest calculated by i-Tree Eco Tool (2024)
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Figure AB4 Annual gross carbon sequestration of the 3-acre forest calculated by i-Tree Eco Tool
(2024)

Of the species sampled, white spruce stores and sequesters the most carbon
(approximately 47.5% of the total carbon stored and 39.4% of all sequestered
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carbon). The gross sequestration of the 3-acre study area trees is about 4,730 kg/yr.
The amount of carbon annually sequestered increases with the size and health of
the trees. This highlights the forest’s role in offsetting emissions and strengthens the
case for long-term protection and management in the valley. To contextualize the
relative value of carbon storage in terms of community benefits, the 2-acre area of
carbon storage equals the annual carbon emissions from 665 automobiles or 272

single-family houses (Nowak & US Forest Service, 2021).
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APPENDIX C. Confusion matrix and variables of importance from the
Random Forest tree species classification model

Western side

Variable Importance score
DBH 70.43095
zq90 34.27995
zq75 31.79400
zq80 30.19661
zq85 23.12538

Table AC1. Score of the top 5 most important variables of the species classification model in the

western area of the study site

Eastern area

Variable Importance score
DBH 48.34969
zmax 26.83918
East_chnl_base 26.78321
za95 26.59407

East_openness_pos [23.75375

East_valley_depth 23.03070

Table AC2. Score of the top 5 most important variables of the species classification model on the

eastern area of the study site



