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Abstract

Despite growing recognition of the ability of blue carbon ecosystems to sequester and
store atmospheric carbon dioxide (CO>) for several decades, their value is often overlooked in
marine management decisions and climate change policies. Integrating blue carbon into climate
mitigation and marine planning requires quantification of habitat extent and carbon dynamics.
Canada has the world’s longest coastline and supports an extensive range of productive carbon-
sequestering marine ecosystems, yet blue carbon inventories have not been established in of most
of these areas. Substantial geospatial data and assessments of carbon stocks and sequestration are
necessary to produce inventories, yet their availability remains limited in Canada. This study
explores the information required to establish blue carbon inventories and uses IPCC’s three-
tiered assessment structure to begin assembling inventories in two Canadian case study regions:
Owls Head Provincial Park (OHPP), Nova Scotia, and the British Columbia (BC) Northern Shelf
Bioregion (NSB) Marine Protected Area (MPA) Network. Through these assessments, we
demonstrate how carbon inventories can be established in situations with varying levels of data
and resource availability, while developing a preliminary estimate of carbon storage in the areas.
This research indicates that, while existing data and information has enabled baselines estimates
for several blue carbon ecosystems, significant knowledge gaps and limitations remain. On this
basis, we provide recommendations for research priorities, and insights into integrating blue

carbon inventories into the management of Canada’s coastlines.

Keywords: Blue Carbon, Blue carbon inventories, Atlantic Canada, Pacific Canada, Northern

Shelf Bioregion, Marine protected area network, Owls Head Provincial Park
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Chapter 1: Introduction
1.1 Background

The Intergovernmental Panel on Climate Change (IPCC) warns that, under the Shared
Socio-economic Pathway (SSP) 2-4.5 scenario, projections point towards a global average
temperature rise of 2.7°C (IPCC, 2022). To maintain Earth’s average temperature rise beneath
the 1.5°C 2015 Paris Climate Agreement target, signatory states must reduce greenhouse gas
(GHG) emissions and implement mitigation strategies (UNFCC, 2018). Amongst these climate
mitigation strategies is the emerging approach of Nature-based Climate Solutions (NbCS)
(Nesshover et al., 2017). NbCS are actions that promote working with and enhancing nature to
help mitigate climate change (IUCN, 2020). In marine and coastal environments, NbCS support
climate adaptation functions such as flood control (Hossain, 2010; Oppenheimer et al., 2022),
protection from erosion (Gedan et al., 2011; Shepard et al., 2011), and enhanced soil accretion
(Duarte et al., 2013; McKee & Cherry, 2009). Additionally, coastal and marine NbCS support
mitigation strategies including carbon sequestration and storage (Griscom et al., 2017; Spalding
et al., 2014).

The ocean has a high capacity to absorb and store carbon dioxide (CO2) from the
atmosphere. Research suggests that ocean absorbs approximately 25% of the CO; produced by
humans, and thus can serve as a partial buffer against rising carbon emissions (Bakker et al.,
2016; Gruber et al., 2019). In the marine environment, carbon is predominantly found in the
form of dissolved inorganic carbon (DIC) (e.g., dissolved CO», carbonate (CO3), bicarbonate
(HCO»)) (Ciais et al., 2014). Additionally, organic carbon (OC), particulate or dissolved, can be
found in living plants and marine organisms or decaying matter (Thompson et al., 2017). Both
organic and inorganic carbon can be stored either short-term (days to years) or long-term
(hundred years to millennia); for this report, sequestration refers to the long-term storage of
carbon for at least one hundred years to millennia.

The role of blue carbon in climate change mitigation has been a growing area of research
in the past decade (Duarte de Paula Costa & Macreadie, 2022). The term “blue carbon” refers to
the OC that is sequestered and stored long-term in marine and coastal plants, animals, and
sediments (Barbier et al., 2011; Hutto, Brown, et al., 2021; Lovelock & Duarte, 2019; Nellemann
et al., 2009). Vegetated coastal ecosystems, including salt marshes, seagrass meadows, and

mangroves, are well-recognized for their ability to store and sequester carbon (Table 1)



(Lovelock & Duarte, 2019; Nellemann et al., 2009). These blue carbon habitats have higher rates
of carbon sequestration per unit area relative to terrestrial habitats (Mcleod et al., 2011). For
example, while sequestration rates of tropical forests average 4.0 (£0.5) g C m™ yr!, tidal
marshes can average over 200 (+24) g C m yr'! (Mcleod et al., 2011). In addition to carbon
sequestration, blue carbon ecosystems (BCEs) also provide a range of other valuable benefits
such as coastal protection (Spalding et al., 2014; Zedler & Kercher, 2005), enhanced socio-
cultural value (Vierros et al., 2020), improved water quality (Barbier et al., 2011; Reynolds et al.,

2016), and increased marine biodiversity (Smale et al., 2018).

Table 1. Global extent and net primary productivity estimates of coastal blue carbon ecosystems.

Ecosystem Global Extent Net Primary Productivity
(NPP)
Salt marshes 22,000 km? -54,950.89 km? 9.4 Mg C ha! yr'!
(Mcowen, 2017) (Belowground)
(Alongi, 2020)
Mangrove forests 138, 000 km?- 152,361 km? 11.1 Mg C ha! yr'!
(Inoue, 2019) (Alongi, 2014)
Seagrass meadows 160,387 km? - 266,562 km? 4 Mg C ha'! yr!
(McKenzie et al., 2020) (Duarte et al., 2010)

Improvements of carbon sequestration and storage potential estimates have supported the
inclusion of blue carbon in international climate policies and agreements, such as Nationally
Determined Contributions (NDCs) (Herr et al., 2017; Herr & Landis, 2016). While recognition
of blue carbon in international climate policy is progressing, blue carbon remains absent from
many national emission reduction frameworks and marine management decisions (Dunn et al.,
2022; Wedding et al., 2021). Additionally, blue carbon assessments still contain many
knowledge gaps in their methodology, coverage, and analysis (Cavanagh et al., 2021). Increasing
our understanding of carbon sequestration efficiency and storage in BCEs is a necessary step to
exploring the potential of blue carbon as a natural climate mitigation option. Furthermore, before
blue carbon can be integrated into national and sub-national levels management schemes, the

challenges that impede its application must be addressed.



1.2. Management challenges

1.2.1 Policy implications

Canada has the world’s longest coastline, that also supports an extensive range of
productive carbon sequestering ecosystems. However, despite growing research, blue carbon
value and functionality are rarely incorporated into national marine and climate policies (Hutto,
Brown, et al., 2021; Wilson et al., 2020). Canada’s recognition of blue carbon sinks in GHG
accounting only began in 2020 with the federal Strategic Assessment of Climate Change
(Government of Canada, 2020). Still, there are no federal or provincial regulations that explicitly
include blue carbon into national GHG inventories. Moreover, there is a lack of implementation
of blue carbon in planning and management decisions. Currently, for example, only about 1.5%
of global BCEs are protected by marine protected areas (MPAs) (Sala et al., 2021), highlighting
missed conservation opportunities for carbon sinks. Communicating the importance and value of
BCEs to stakeholders, potential funders, and the public is therefore of importance. However, the
economic valuation of ecosystem services, such as carbon sequestration, remains a heavily
debated topic as many limitations still surround the validity, accuracy, and applicability of
valuation schemes (Herr & Landis, 2016; Himes-Cornell et al., 2018). Detailed information
relevant to BCE extent, habitat and region-specific sequestration and storage capacities is needed

to support both the economic valuation and conservation of blue carbon habitats.

1.2.2 Threats to blue carbon ecosystems

BCEs are under significant pressure from anthropogenic activities and have experienced
extensive habitat loss in recent decades (Pendleton et al., 2012; Worm et al., 2006). Within the
last 50-100 years, approximately 25-50% of vegetated coastal ecosystems have disappeared
worldwide (Mcleod et al., 2011). In British Columbia, around 70% of tidal wetland habitats have
been lost during the colonial period due to urban and agricultural development (Government of
British Columbia, 1978). Similarly, on the Canadian East Coast, half of salt marshes across Nova
Scotia have been lost since the 1700s, mainly due to dyking (Government of Nova Scotia, n.d.).
The degradation of these vital habitats limits their ability to sequester and store carbon (Wedding
et al., 2021; Young et al., 2021), and can result in the potential release of large amounts of

previously sequestered carbon (Macreadie et al., 2021; Pendleton et al., 2012). The global loss of



mangrove, salt marsh, and seagrass ecosytems, for instance, can release an estimated 0.15-1.02
billion tons of CO,, annually (Pendleton et al., 2012). Conversely, the conservation of these
ecosystems can help optimize their climate mitigation potential by ensuring that carbon remains
stored long-term (Mcleod et al., 2011). Therefore, identifying and monitoring threats to BCEs

can better describe how disturbances influence carbon sequestration and storage capacity.

1.2.3 Knowledge gaps

Blue carbon inventories form the foundation of marine policies and management
decisions aiming to maximize blue carbon potential. A blue carbon inventory refers to a
catalogue of information on the location, extent, sequestration rates, and carbon storage of BCEs
(Carlson, 2020). The strength of the inventory will ultimately depend on completeness and
quality of this data (Holmquist et al., 2018). Unfortunately, current approaches to mapping and
measuring carbon related processes are unrefined and often expensive to conduct (Postlethwaite
et al., 2018). Consequently, geospatial data and carbon storage estimates in Canada remain
sparse and are limited to select habitat types and spatial scales. More specifically, the available
blue carbon data for British Columbia are largely outdated or incomplete (Carlson, 2020). And
although Nova Scotia’s inventory of salt marsh habitats is more comprehensive than the one in
British Columbia, relevant carbon storage and sequestration information is still missing and other
BCEs are largely ignored (Carlson, 2020). Expanding methods of identifying blue carbon areas
and assessing carbon-related processes are necessary steps in establishing comprehensive blue

carbon inventories for Canada’s Atlantic and Pacific coasts.

1.3 Research questions and objectives

This research project aims to explore the current approaches for building blue carbon
inventories and demonstrate how inventories can be established at varying degrees of data
availability. This study aims to grow blue carbon inventories for Canada’s Atlantic and Pacific
coasts using Owls Head Provincial Park (OHPP), Nova Scotia, and the British
Columbia Northern Shelf Bioregion (NSB) MPA Network as case study regions. Overall, this
research has the following objectives:

1. Explore current approaches and limitations for establishing blue carbon inventories



2. Demonstrate ways to contribute to blue carbon inventories with varying degrees of
available information
3. Recommend improvements for how future assessments can fill in data gaps and support

more comprehensive blue carbon inventories

To achieve these objectives, this project reviewed literature on the approaches used to map
BCEs, assess carbon sequestration and storage, and value blue carbon. Additionally, an
application of IPCC’s three-tiered blue carbon inventory approach was used to evaluate how
carbon-related processes can be assessed based on the available data within the case study
regions. Based on findings from the literature review and tiered analysis, knowledge gaps and
limitations were identified and compiled to recommend improvements for future blue carbon

inventories.



Chapter 2: Exploring our toolbox—A review of blue carbon habitats and inventory tools
2.1 Blue Carbon

2.1.1 Carbon sequestration and storage

BCEs make significant contributions to global carbon sequestration (Mcleod et al., 2011;
Suyadi et al., 2020). Carbon sequestration generally refers to the process of plants capturing
atmospheric CO; and fixing it into organic carbon, such as biomass, through photosynthesis
(Moomaw et al., 2018; Tang et al., 2018). Coastal blue carbon habitats sequester carbon from the
atmosphere and ocean water and store the fixed organic carbon in above ground biomass of the
plants (e.g., stems, leaves), below ground root systems, and non-living biomass (e.g., soils,
sediments) (Figure 1) (Howard et al., 2017; Zhang et al., 2017). Additionally, carbon from
multiple sources and pathways can be stored in seafloor sediments— most notably from
macroalgae and burial of marine biota such as whales and fish (Figure 1) (Bax et al., 2022;
Bayley et al., 2021; Tang et al., 2018). The enhanced carbon sequestration and storage abilities
of these ecosystems can be attributed to several properties. Submerged or partly submerged
vegetation can reduce wave energy (Koch et al., 2009), promoting sedimentation (Gacia &
Duarte, 2001) and trapping of suspended sediments (Barbier et al., 2011). Moreover, high net
primary productivity and enhanced vertical sediment accretion in BCEs contribute to high OC
deposits (Kennedy et al., 2010). Still, as sequestration rates and storage capacities have
considerable variation, it is important to understand the unique flows of carbon across habitats to

produce robust blue carbon assessments.
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Figure 1. Carbon sequestration process in blue carbon ecosystems (left to right: salt marshes,

seagrasses, macroalgae, phytoplankton, and marine biota).

2.1.2 Blue carbon ecosystems

Blue carbon ecosystems can be distinguished by three main characteristics: 1) significant
capacity to remove CO; (Santos et al., 2021); 2) ability to hold and store carbon for centuries if
left undisturbed (Moomaw et al., 2018); and 3) amenability to management actions (e.g.,
restoration, reducing anthropogenic nutrient inputs) that can enhance carbon storage (Macreadie
et al., 2017). Vegetated coastal ecosystems including salt marshes, seagrass meadows, and
mangroves are well-recognized for their ability to store and sequester carbon (Lovelock &
Duarte, 2019; Nellemann et al., 2009). Despite only making up approximately 0.07-0.22% of
Earth’s surface (Spivak et al., 2019), these ecosystems capture and store up to 70% of the carbon
permanently stored in marine systems (Nellemann et al., 2009). In addition, kelp forests and
seabed sediments are gaining recognition for their potential contributions to global carbon
sequestration (Atwood et al., 2020; Nellemann et al., 2009). Moreover, although other blue

carbon stores such as phytoplankton, marine fauna (e.g., whales), and coral reefs exist, they do



not have the recognized capacity to fix CO> long term (Lovelock & Duarte, 2019). The following
section will explore BCEs further, focusing on the carbon sequestering ecosystems found along

Canada’s coastlines.

2.1.3 Blue carbon ecosystems in Canada

Blue carbon research, to date, has emphasized mangrove forests and tidal marshes; blue
carbon habitats in temperate regions, including Canada, are therefore often underrepresented
(Lovelock & Duarte, 2019; Mcleod et al., 2011). Seagrass and salt marsh ecosystems are two
well-recognized coastal blue carbon habitats in Canada, and thus, will be focal habitats in this
research (Nellemann et al., 2009; Rogers et al., 2019). In addition, this study will also investigate

the two major oceanic carbon sequestration processes: macroalgae and seabed sediments.

2.1.3.1 Seagrass

Seagrasses are the only flowering plants in the marine environment (Figure 2). Their
estimated global coverage extends around 160,387 km? - 266,562 km?, occupying largely
shallow coastlines of tropical and temperate regions (Fourqurean et al., 2012; McKenzie et al.,
2020). There are approximately 60-70 species of seagrasses worldwide that form complex
habitats in intertidal and subtidal zones, some down to 12 m depth (DFO, 2009). Seagrasses
provide vital ecosystem services including sediment stabilization, shoreline protection, critical
habitats for aquatic species, nutrient cycling, and carbon storage (Barbier et al., 2011; Duffy et
al., 2015; Orth et al., 2006); thus, their protection and management are worldwide priorities
(DFO, 2009; Unsworth et al., 2019).

Although seagrasses only make up around 0.1 to 0.2% of total global seafloor area, they
capture up to 18% of carbon permanently stored within marine ecosystems (Duarte et al., 2013;
Fourqurean et al., 2012). This high carbon capture rate and long-term storage potential is
supported by high primary productivity, low herbivory rates and high particle capture abilities of
seagrasses (Borum et al., 2005; Duarte et al., 2013). Current seagrass carbon inventories,
however, are largely based on data derived from tropical and subtropical regions and rely on
extrapolating global scale measurements (Douglas et al., 2022; Miyajima et al., 2017). This
regional bias could ultimately result in information that is unrepresentative of dominant

temperate species and produce inaccurate global carbon budget estimates. For instance, core



samples of temperate eelgrass meadows reveal average carbon storage and sequestration rates
that are considerably lower than global estimates that largely capture tropical seagrass species
(4.6 10 93.0 g OC m? yr'!) (Postlethwaite et al., 2018; Prentice et al., 2020). Thus, more robust,

and site-specific assessments are needed to fill this discrepancy.

Figure 2. Eelgrass meadow at Owls Head Provincial Park (left) and underwater photo of

eelgrass meadow (Bostrom, n.d.; Winkler, 2022).

In Canada, eelgrass (Zostera marina) is the dominant species of seagrass that occupies
the shallow coastal waters of all three coastlines (Green & Short, 2003). Eelgrass meadows are
generally monospecific with occasional mixing with other seagrass such as widgeon-grass
(Ruppia maritima) in the Atlantic or Japanese eelgrass (Zostera japonica), an invasive species, in
the Canadian Pacific (Shafer et al., 2014; Wong et al., 2013). Bioregions across Canada are
characterized by a unique range of abiotic and biotic factors such as salinity, sea temperature,
wave energy, sediment type, and anthropogenic stressors (Namba & Nakaoka, 2018; Rohr et al.,
2018). These variations influence the distribution, species composition, resilience, and
morphology of eelgrass ecosystems, and therefore, are important to consider when developing
management and conservation strategies (DFO, 2009; Wong, 2018).

The health and resilience of eelgrass ecosystems are increasingly threatened by
anthropogenic climate change, and activities including nutrient loading, coastal development,
commercial fishing, invasive species, and aquaculture (Murphy et al., 2019; Orth et al., 2006;
Wilson & Lotze, 2019). Although Z. marina is recognized as an Ecologically Significant Species
(ESS) by the Department of Fisheries and Oceans (DFO), protection is not guaranteed, and



explicit management efforts remain limited. Protected and continuous seagrass meadows are
known to have higher carbon storage levels and sequestration potential in comparison to patchy
and degraded seascapes (Asplund et al., 2021; Macreadie et al., 2015). Thus, preserving the
connectivity of and documenting threats to eelgrass ecosystems across Canada should be a
conservation priority. Moreover, despite being a widely distributed and abundant habitat type
across Canada’s bioregions, there are no published assessments of seagrass distribution or extent
(McKenzie et al., 2020). The collection of comprehensive data on seagrass extent and carbon

dynamics are vital steps to enhancing Canada’s blue carbon inventory.

2.1.3.2 Salt Marsh

Salt marsh ecosystems have a global coverage of around 51,000 km?, occupying deltas,
estuaries, and low-lying coastal areas of sub-tropical and temperate regions (Figure 3) (Callaway
et al., 2012; Siikamaiki et al., 2013). They are characterized by mineral soil, fluctuating water
levels, and sparse vegetation including goose grasses (Puccinellia maritime), cordgrass (Spartina
patens), sedge (Cyperaceae), and low shrubs (Alberta Environment and Sustainable Resource
Development, 2015; Roberts & Robertson, 1986; Selby et al., 2022). These plant community
assemblages are controlled by tide heights, flooding regimes, salinity levels, and soil drainage
(Bowron et al., 2012). Positioned uniquely along the transitional zone between land and sea, salt
marshes provide valuable ecosystem services including coastal flood protection, nutrient cycling,
nursery habitats, and carbon sequestration (Barbier et al., 2011; Himes-Cornell, Grose, et al.,
2018; Moller et al., 2014; Shepard et al., 2011). Increasing our understanding of these ecosystem
services is necessary to design management and conservation strategies that appropriately
recognize natural capital.

Across vegetated coastal blue carbon habitats, salt marshes have the highest mean carbon
storage per unit area (58.78 + 19.30 Mg C ha™!) (Douglas et al., 2022). Their high carbon
sequestration efficiency can be attributed to high primary productivity, strong sediment
deposition, low decomposition rates, and continuous burial rate of vegetation (Callaway et al.,
2012). Unfortunately, this sequestration potential can be hindered by anthropogenic activities
such as coastal development, agriculture, dyking and draining of areas, shoreline armouring, and
sea level rise (Mcleod et al., 2011; Pendleton et al., 2012; Roughan et al., 2018). Still, current

knowledge gaps stall the conservation of salt marsh habitats, specifically: lack of tidal marsh



sampling, limited estimates of areal extent, insufficient carbon dating methods, ambiguous
wetland classification schemes, and imprecise carbon accumulation calculations (Chastain et al.,
2021; Duarte et al., 2013; Howard et al., 2017; Ouyang & Lee, 2014). Current global estimates
for salt marsh extent have around 20-fold uncertainty (22,000-to 400,000 km? range);
discrepancies in these estimates are partly due to the bias towards regions such as Europe and
underrepresentation of other regions including Canada (Chastain et al., 2021). For instance, an
assessment of a salt marsh ecosystem in British Columbia revealed carbon stocks and
accumulation rates 45% lower than global estimates (Gailis et al., 2021). Therefore, collecting
more site-specific carbon stock estimates will better reflect local-scale dynamics and ultimately

support more accurate carbon accounting.

Figure 3. Salt marsh at Boundary Bay, British Columbia (left) and salt marsh in Cole Harbour,
Nova Scotia (right) (Murray, 2013; Taylor, n.d.).

2.1.3.3 Macroalgae forests

Macroalgae ecosystems are an emerging area of interest within blue carbon research and
have increasingly been recognized for their contribution to carbon sequestration (Hill et al.,
2015; Krause-Jensen et al., 2018). Macroalgal species, such as kelp, are photosynthetic, fast-
growing marine macrophytes that are predominantly found on rocky shorelines (Duarte, 1995).
Macroalgae have high primary productivity rates, slow decomposition rates, and slow organic
matter turnover rates— all characteristics that support their ability to sequester carbon (Duarte,

1995; Krause-Jensen et al., 2018). However, for macroalgae to contribute to long-term removal



and storage, the absorbed carbon must ultimately end up buried in marine sediment (Santos et al.,
2021).

Macroalgae export approximately 43% of their production as particulate organic carbon
(POC) or DOC (Duarte & Cebrian, 1996). The carbon absorbed by kelp will re-enter the carbon
cycle through fronds and tissues breaking off or end up buried in deep-sea sediments either near
to the source or several kilometers away (Krause-Jensen et al., 2018; Santos et al., 2021). Thus,
although kelp forests are unable to grow their own organic-rich sediments, they can still act as
carbon “donors” through the export and burial of detritus into ocean sediments (Duggins et al.,
1989; Hill et al., 2015; Krause-Jensen et al., 2018). New methods are needed to trace donor and
sink macroalgal habitats and measure burial rates before integrating their contributions into
existing climate policies. And while it is important not to over-promise carbon sequestration
potential until knowledge gaps are filled, it is valuable to explore the potential of macroalgae in

future blue carbon frameworks.

Figure 4. Bull kelp off the coast of Vancouver Island (left) and Giant kelp forest in Haida Gwaii
(right) (Miller, n.d.; Norman, n.d.).

On the West Coast of Canada, bull kelp (Nereocystis luetkeana) and giant kelp
(Macrocystis pyrifera) are the dominant kelp species (Figure 4) (Coyer et al., 2001; Druehl,
1968). Atlantic Canada, on the other hand, is dominated by laminarian kelp such as oarweed
(Laminaria digitata), sugar kelp (Saccharina latissima), and winged kelp (4/laria esculenta)
(Wilson et al., 2015). These macroalgae communities carry significant commercial, ecological,

and socio-cultural value. For instance, the coast of British Columbia hosts at least 190 km? of



kelp forests that are estimated to sequester at least 7,755 tons of CO» per year (Lang-Wong et al.,
2022). Yet, kelp populations on both East and West Coasts have shown signs of decline (Filbee-
Dexter et al., 2016; Krumhansl et al., 2016; Starko et al., 2019; Teagle & Smale, 2018) and
continue to be threatened by stressors such sediment loading, as well as significant shifts in sea
surface temperature, salinity levels, and wave exposure (Markel & Shurin, 2015; Watson &
Estes, 2011). Understanding of the local variabilities of and pressures on kelp ecosystems is
needed to successfully inventory the extent and biomass of these species.

Despite historical data on kelp extent in Canada, existing shoreline and aerial kelp
surveys only cover a fraction of Canada’s Pacific and Atlantic coastlines, and long-term studies
that track kelp forest extent and biomass are rare (Merzouk & Johnson, 2011; Sutherland et al.,
2008). Several current knowledge gaps include overcoming remote sensing challenges to map
kelp forest extent, tracing carbon pathways from source to sediment sinks, understanding how
oceanographic variables influence sequestration capacity, and measuring carbon fluxes between
the atmosphere and the ocean (Gallagher et al., 2022). Close monitoring and having a well-
established inventory of kelp forest extent and abundance, and regional-level carbon storage

measurements can guide decision-makers towards kelp conservation and reforestation efforts.

2.1.3.4 Seabed ecosystems

One of Earth’s largest carbon reservoirs is found in marine sediments (Atwood et al.,
2020) (Figure 5). Current measurements estimate that the top meter of ocean sediment stores
around 2,322 petagrams of carbon (Pg C), which exceeds carbon storage estimates for terrestrial
soils (Atwood et al., 2020). The importance of sequestration pathways to seafloor biodiversity
and sediment burial is becoming more evident (Atwood et al., 2020; Barnes et al., 2018; Lee et
al., 2019; Sala et al., 2021). However, while our understanding of vegetated coastal blue carbon
ecosystems is advancing, our understanding of carbon stocks in marine sediment is very limited
(Atwood et al., 2020; Laffoley, 2020). Despite generally low carbon concentrations found in the
deep-sea, the vast geographical extent of deep-sea ecosystems (approximately 85% of all
seafloor area) (Harris et al., 2014) explains why around 84% of total carbon stored in marine
sediment is found there (Estes et al., 2019; Lee et al., 2019). Seafloor biodiversity, including that
found along seamounts, can also act as blue carbon pathways by fixing carbon from the water

column to build their body tissue and skeleton, and eventually being buried in benthic sediments



(Barnes & Sands, 2017; Douglas et al., 2022; Nolan et al., 2017). (Morley et al., 2022). A greater
knowledge of burial rates and related source-to-sink pathways is still necessary to fully

understanding the storage capacity of seabed ecosystems.

Figure 5. Deep ocean floor off the west coast of Vancouver Island (Ocean Networks

Canada/CSSF, 2021).

If left undisturbed, carbon stocks in the seabed can be stored indefinitely. Unfortunately,
destructive anthropogenic activities (e.g., deep-sea mining, oil and gas exploration, bottom
trawling) can release large quantities of stored carbon into the water column and remineralize it
to COz (Bianchi et al., 2016). Sala et al. (2021) estimate that 0.6 to 1.5 gigatons of carbon per
year is released from the seabed due to destructive activities; this is equivalent to global emission
released from the entire aviation sector (918 million tonnes in 2019). To help protect carbon
stocks from future threats, it is important to consider developing management plans that protect
and preserve unique benthic habitats and species. Currently, only approximately 2% (48 Pg C) of
carbon stocks in marine sediments occurs in MPAs that prohibit extractive commercial activities
(Sala et al., 2021). Although conservation tools, such as MPAs, will not eliminate all potential
disturbances to carbon stocks in marine sediments, they can help limit and alleviate the impacts
of existing threats. Moreover, quantifying seabed carbon and assessing the impacts of human

activities on the seafloor can support conservation of these carbon stocks.



2.2 Establishing Blue Carbon Inventories

Establishing blue carbon inventories is an essential step in scaling up the management of
carbon sequestering ecosystems and developing concrete policies that consider the value of blue
carbon. Blue carbon inventories can be established at various spatial scales (e.g., site-specific,
regional, national, and global) and generally require the following information: 1) spatial
distribution and extent of ecosystems; 2) assessment of carbon storage and sequestration; and 3)
calculation of fluxes, net sequestration, or potential release of carbon (Carlson, 2020; Howard et
al., 2014). This inventory can then be used in management decisions and policies related to the
valuation and protection of carbon stocks. This section aims to review the current range of
methods and approaches used to establish blue carbon inventories through mapping, assessing,
and valuing carbon storage and sequestration. This will outline the current trends and limitations

of blue carbon accounting.

2.2.1 Spatial data, mapping, and analysis

Spatial data are critical components of conservation and management decisions (Howard
et al., 2014; Mustard et al., 2012). The strength of blue carbon inventories largely depends on the
accuracy and reliability of spatial information such as ecosystem extent, habitat distribution, and
species location (Carlson, 2020). Currently, however, the total extent and area of BCEs on
Canada’s coastlines remains unknown (Murphy et al., 2021), Moreover, mapping BCEs can be
costly, time-consuming, and some blue carbon habitats are hard to access when using traditional
field survey methods (Howard et al., 2014). Therefore, reliable methods of acquiring spatial

information are essential to support long-term mapping and monitoring of blue carbon habitats.

2.2.1.1 Remote sensing technologies

Remote sensing has made significant contributions to blue carbon research through
producing data necessary to map and monitor BCEs in a time-efficient, repeatable, accurate, and
scalable way (Hossain et al., 2015; Howard et al., 2014; Johnston, 2019; Pham et al., 2019).
Remote sensing can be used to monitor habitat change (Lanceman et al., 2022), identify blue
carbon conservation priority areas (Mcleod et al., 2011), and when integrated with field surveys,
can be used to estimate carbon stocks (Kwan et al., 2022) (Table A1, Appendix A). Additionally,

the combination of geospatial information and biodiversity observations (e.g., species presence



and species richness) can produce useful tools, such as species distribution models (SDMs).
SDMs can be effective for monitoring blue carbon habitat loss (Zhong et al., 2021) and
predicting distribution changes under climate scenarios (Jayathilake & Costello, 2020).

Unoccupied aerial vehicles (UAVs), such as drones, are now a common method of
mapping BCEs. UAVs can collect data at finer spatial resolutions than commercial satellites and
can surveys of challenging or hard to access ecosystems such as kelp forests, narrow wetlands,
and small seagrass patches (Duffy et al., 2018; Murfitt et al., 2017; Ozesmi & Bauer, 2002).
Additionally, UAVs are adjustable for collecting optimal mapping of BCEs under different
environmental conditions (O’Neill & Costa, 2013). For example, under ideal environmental
conditions (e.g., cloud cover, tidal height, sun angle, wind speed), UAVs were able to map
eelgrass sites of unideal conditions (e.g., sparge eelgrass coverage, high cloud cover), with high
confidence (Nahirnick et al., 2019) (Table 2). Similarly, aerial photographs can be an accessible
approach to generate foundational spatial datasets. For instance, St-Pierre & Gagnon’s (2020)
survey of subtidal kelp demonstrates how supervised classifications of aerial imagery can
produce maps with overall accuracies of up to 90% (Table 2).

Satellite imagery is another widely used data source for mapping blue carbon habitats.
Some satellite datasets (e.g., Landsat, MODIS, SRTM) produce large scale global coverage that
can be especially useful for classifying and monitoring ecosystem dynamics over time (O’Neill
& Costa, 2013; Pe’eri et al., 2016; Schroeder et al., 2019; St-Pierre & Gagnon, 2020). Satellite
imagery can also provide multi-sensor, high spatial resolution information that is useful for
mapping habitat extent (Beland et al., 2016; Nijland et al., 2019). For instance, O’Neill and
Costa (2013) utilized IKONOS satellite imagery, a four-band multispectral satellite sensor, to
accurately map and monitor the distribution of eelgrass ecosystems that will support
conservation efforts in the Gulf Islands National Park Reserve, British Columbia (Table 2).

Another common approach to producing robust datasets is to use both active (e.g., Radio
Detection and Ranging (RADAR); Light Detection and Ranging (LiDAR); Sound Navigation
Ranging (SONAR)) and passive (e.g., spectrometer, radiometer, imaging radiometer) remote
sensing systems, and multiple sensors (Howard et al., 2014). Collin et al (2009), for example,
demonstrate how coastal salt marsh habitat and land cover maps can be created using a
combination of single topographic and bathymetric LIDAR surveys (Table 2). Remote sensing

imagery can be further combined with field observations and local knowledge. Wilson et al.



(2019), for instance, took an integrated approach by using remote sensing data and local

ecological knowledge systems to produce eelgrass and macroalgae habitat maps of the southern

shore of Nova Scotia (Table 2).

Table 2. Remote sensing and analysis methods used to map blue carbon habitats in Canada.

Mapping Study Habitat Region Analysis method Reference
method year
High spatial July- Eelgrass Gulf Islands Maximum O'Neill &
resolution August National Park likelihood Costa, 2013
airborne (AISA) | 2008 Reserve, classification
and satellite Canada
(IKONOS)
imagery
SPOT 6/7 July Eelgrass Nova Scotia, Maximum Wilson et al,
satellite 2015 | and benthic Canada likelihood 2019
imagery; field classification;
surveys ISOCLUST
False color near- | 2001 to Eelgrass | Oregon, USA Hybrid image Young et al,
infrared aerial 2005 classification 2010
imagery
Hyperspectral 1996- Eelgrass New ISODATA/ Pe'eri et al.,
data collected 2012 and Hampshire, CLUSTER 2016
from remote macroalgae USA classification
sensing
platforms (e.g.,
airborne or
satellite) or in
situ (e.g., buoys)
Unoccupied June- Eelgrass British Object-based image | Nahirnick et
Aerial Systems | August Columbia, analysis (OBIA); al., 2018
(UAS) 2017 Canada eCognition
Developer
Unoccupied June Seagrass Clayoquot Manual Postlethwaite
Aerial Vehicle 2016 Sound, segmentation on etal., 2018
(UAYV); subtidal British ArcGIS
field surveys Columbia




Table 2 continued

Mapping method | Study Habitat Region Analysis method Reference
year
WorldView 3 August | Macroalgae | Cowichan | Object-based image | Schroeder et
satellite imagery; 2016 Bay, British [ analysis (OBIA); al., 2019
kayak field Columbia eCognition
surveys (case study) Developer
Digital aerial August | Macroalgae Mingan | Unsupervised pixel, | St-Pierre &
photographs 2016 Archipelago supervised Gagnon,
(acquired on ,Canada classification, and 2020
board a visual classification
helicopter);
satellite (SPOT 7)
Scanning July Salt marsh | Gulf of St. Maximum Collin et al.,
Hydrographic 2006 Lawrence, likelihood 2010
Operational Canada algorithm
Airborne
LiDAR Survey
(SHOALS)

2.2.1.2 Analysis and classification methods

Analysis and classification methods used for remote sensing and spatial data have greatly

advanced in recent years, making it easier to access and analyze remote sensing data. Pham et

al.’s (2019) review of blue carbon remote sensing analyses revealed that the most common

classification methods are supervised classification, unsupervised classification, object-based

image analysis (OBIA), and sub-pixel classification. The use of software such as eCognition

Developer and Image Classification Wizard (ArcGIS Pro), as seen in studies by Nahirnick et al.,

(2018) and Schroeder et al., (2019), have significantly improved the ease and accuracy of image

classification processes. Classification algorithms, such as maximum likelihood classification

and linear discrimination analysis, are other common approaches that can be integrated or used

independently to generate blue carbon habitat maps (Collin et al., 2010; O’Neill & Costa, 2013;

Wilson et al., 2019). Young et al. (2017), for example, developed a hybrid technique of

unsupervised and pixel-based classifications to process aerial images of eelgrass habitats.

Additionally, there is a growing body of research aiming to improve the accuracy and

accessibility of classification algorithms through various techniques such as deep learning




methods (Pham et al., 2019). This growing knowledge base can significantly improve the

accuracy of detecting and monitoring changes in the extent or distribution of BCEs.

2.2.1.3 Field-based methods

Field sampling and snorkel or dive surveys are traditional, albeit labor-intensive,
methods of mapping and assessing blue carbon habitats (Gagnon et al., 2004; van Rein et al.,
2009). Field surveys can support remotely sensed data with ground referenced data, also known
as ground truthed data (Howard et al., 2014). The integration of field and remotely sensed data is
an important validation tool and key component in understanding the spatial and temporal
distribution of carbon stocks (Nagai et al., 2020). While remote sensing may be more efficient
than traditional field methods, remotely sensed data and analysis methods without ground
truthing can misclassify habitats and land cover and fail to accurately define smaller habitat
features (Manson et al., 2001). In contrast, survey plots can measure parameters such as species
composition, biomass, and canopy height and cover (Howard et al., 2014). This field data is
valuable for validating and calibrating remote sensing data and can help establish more detailed
blue carbon inventories (Roelfsema & Phinn, 2013; Satyanarayana et al., 2011). Moreover, the
collection of ground truthed data provides opportunities to involve local communities and
enhance capacity building (Altamirano et al., 2010; Howard et al., 2014). Building community
relationships through field work can be valuable for fostering long-term support for blue carbon

projects.

2.2.1.4 Limitations

Despite the advances in remote sensing technologies over the past years, each individual
approach also involves limitations that need to be considered. A large disadvantage to passive
remote sensing techniques, for example, is its reliance on sunlight for high-quality imagery
(Howard et al., 2014). Factors such as cloud cover and light availability can greatly limit data
quality and availability, especially in regions such as the tropics where these conditions are
common. For example, Nahirnick et al.’s (2018) survey of eelgrass meadows identifies
environmental variables such as sun glare, water turbidity, and cloud cover, that can limit an
instrument's ability to capture clear imagery. These remote sensing and mapping challenges vary

across habitat types. In the case of mapping macroalgae, for instance, much kelp biomass is



found in low-lying, or understory regions that make it especially difficult to map from aerial
imagery (Schroeder et al., 2019). Therefore, mapping macroalgal communities may require
hyperspectral remote sensors to adequately capture the complexity of kelp assemblages and
minimize environmental interferences (e.g., glare, water column depth) (Adao et al., 2017). With
all remote sensing methods, ground truthing is also required to validate and improve accuracy of
remotely sensed data (Nagai et al., 2020). In addition to these technical barriers, remote sensing
sensors can be expensive, and the classification process can be a very time-consuming one that
often requires specialist knowledge (Young et al., 2010).

Field collection methods are limited by site accessibility, resource availability, and
desired map product or application of data (Andréfouét, 2008). While field-based surveys can
produce valuable information on species composition and biomass, they also are time-
consuming, labor-intensive, and have limited spatial coverage (Krumhansl et al., 2016). Wetland
habitats, for instance, are often inaccessible for field sampling and are generally very time-
consuming to survey (Mahdavi et al., 2018). Moreover, submerged blue carbon habitats, such as
seagrass, are challenging survey due to limitations such as environmental constraints (e.g., water
column depth, clarity) and technical capacities (e.g., underwater equipment, and safety)
(Roelfsema et al., 2015). Nevertheless, the limitations to field-based and remote sensing methods
will vary with its application to specific BCEs and thus, methods could consider incorporating

multiple mapping techniques to support spatial inventories.

2.2.2 Assessing blue carbon storage and sequestration

Measuring and establishing an inventory of carbon stocks and sequestration is necessary
to translate blue carbon value into concrete policies and conservation efforts, such carbon
markets (Carlson, 2020). Carbon markets are trading systems that facilitate selling and buying of
carbon credits (Friess et al., 2022; Sapkota & White, 2020). Compliance markets, such as the
Clean Development Mechanism (CDM), is the primary tool for signatory states of the Kyoto
Protocol to meet emission reduction goals through carbon projects (Ayostina et al., 2022).
Alternatively, voluntary carbon markets, such as carbon offset credits or Verified Emission
Reductions (VERSs), are purchased under independent trading schemes and open for any country
or company (private, local, regional) interested in blue carbon projects without further

obligations (Kuwae et al., 2022).



To guide replicable and comparable assessment approaches, the IPCC has established a

three-tiered method to quantify current and future blue carbon stocks and sequestration (Table 3)

(Howard et al., 2014). Each tier was created according to the level of detail, degree of

uncertainty, and accuracy of the carbon stock assessment. Data and resource availability and

purpose of the analysis will ultimately determine the appropriate level of assessment for a

specific project.

Table 3. IPCC analysis tiers that can be used to develop a blue carbon inventory adapted from
Howard et al., 2014 and Hutto et al., 2021.

Data
Requirements

Tier

Description

Purpose

1 Global IPCC
default values

Least accurate and lowest levels
of certainty

Based on IPCC default activity
data and emissions factors

The range of error +/-50% for
above ground pools and +/-90%
for below ground pools

Provides a rough estimate of the
amount of carbon stored and
annually sequestered for a given
site

Creates foundational knowledge
and awareness of blue carbon

2 Country-
specific data
for key factors

Includes aspects of site-specific
or country-specific data

Increased accuracy and resolution
from Tier 1 assessment

Provides increased clarity on the
amount of carbon stored and
sequestered for a given area

Supports restoration and
conservation projects.

3 Site-specific
carbon stock
inventory

Requires direct, site-specific data
for carbon stocks in each
component of the ecosystem

Repeated measurements of
carbon stocks required over time

Can be provided through direct
measurements or modeling.

Entry into the carbon market

Produce highly accurate
information on the amount of
carbon stored and sequestered
for a given site

Tier 1 assessments are global and based on the IPCC default estimates of carbon stocks

and emission factors and calculated by multiplying the ecosystem area extent by the global mean




carbon stock value. Compared to the other tiers, this is the least costly assessment method and
can provide rough, high-level estimates of carbon storage and sequestration. Although this tier
can serve as useful foundational knowledge, this level of assessment will produce carbon
inventories with the least accuracy and greatest range of error.

A Tier 2 assessment utilizes region-specific carbon stock data for blue carbon
ecosystems, rather than global estimates. Using regional estimates will increase the accuracy and
resolution of national carbon inventories. For example, a recent survey of kelp beds off the coast
of BC used carbon storage ratios and conversion factors of kelp species specific to the region to
calculate carbon storage and sequestration (Lang-Wong et al., 2022). While this level of
assessment still carries large margins of error, it can benefit marine managers to better
understand and communicate blue carbon value to inform policy and planning.

Tier 3 assessments use site-specific and repeated measurements of carbon stocks that can
provide estimates of carbon fluxes within the area through long-term measurements.
Postlethwaite et al.’s (2018) assessment of seagrass carbon storage and accumulation rates using
sediment cores is an example of the site-specific quantification of carbon dynamics. Although
this level of assessment will produce the most accurate calculations of carbon storage, it remains

the most resource and time intensive approach.

2.2.3 Blue carbon valuation

The integration of blue carbon value into management decisions and policies is gaining
the interest of governments and industries around the world. Opportunities to value carbon value
can be expressed through various methods such as climate financing, payments for ecosystem
services (PES), market-based, and conservation finance (Borger et al., 2014; Cavanagh et al.,
2016). These valuation opportunities aim to highlight the invisible benefits of carbon
sequestration and are often expressed through various mechanisms including climate financing,
market-based schemes, cost-based methods, and conservation finance (Table 4) (Borger et al.,
2014; Cavanagh et al., 2016). Climate policy instruments and voluntary carbon markets are
market-based approaches that attempt to estimate the economic value of climate regulation
services such as carbon sequestration (Santos et al., 2018). The United Nations Framework

Convention on Climate Change (UNFCCC) treaty, for instance, uses credit training and offset



mechanisms to allow signatory countries to meet their emission reduction obligations (Ayostina
et al., 2022).

Cost-based valuation schemes, such as the Social Cost of Carbon (SCC), are also
common alternatives to market-based approaches; SCC estimates the monetary value of damages
induced from emitting an additional metric tonne of CO> in the atmosphere (Nordhaus, 2017).
Likewise, models such as the Integrated Valuation of Ecosystem Services and Trade-offs
(InVEST) Coastal Blue Carbon Model can be a useful tool to estimate blue carbon value based
on the carbon market and climate change induced damage (Wedding et al., 2021). Moreover,
blue carbon value can be indirectly expressed through innovative conservation financing
methods, such as opportunity cost, that reflect the willingness to invest in protecting, managing,
and restoring BCEs (Kuwae et al., 2022). Avoided or opportunity cost refers to the economic
value of the sequestration services that will be lost in the absence of protection (Murray et al.,
2010). This value is often represented as the cost of avoided habitat-conversion projects or the
gross financial returns of conservation measures (e.g., establishing marine protected areas)
(Bertram et al., 2021; Murray et al., 2010). Moreover, demonstrating the economic value of blue
carbon can also be a powerful tool for marine managers to help justify restoration and

conservation projects or participate in the carbon market and increase financing options.

Table 4. Examples of blue carbon economic assessments through various valuation methods

(market based, InVEST, social cost of carbon (SCC), and avoided cost).

Habitat and Region Valuation Value of Ecosystem Reference
Method Service
Mangroves Market-based 31.5 million USS total or | Suyadi et al., 2020
(Auckland, New approach 331 US$/ha
Zealand)
Seagrass InVEST 580 €/ha. Gonzalez-Garcia et al.
(South Atlantic 2022
Spanish Coast)
Salt marsh Social Cost of 218.412 € to 328.856 €/t | Santos et al., 2018
(Mainland Portugal) Carbon (SCC) CO,
(SCC price)




Table 4 continued

Habitat and Region Valuation Value of Ecosystem Reference
Method Service

Mangroves Avoided cost $4 to $10 ton™! CO» Siikaméki et al., 2013

(Borneo, Indonesia) (Cost avoided emissions)

2.2.3.1 Limitations to blue carbon valuation

Although a variety of valuation methods are available through international polices and
financing approaches, limitations still surround the validity, accuracy, and applicability of blue
carbon valuation schemes. A shared limitation across all valuation methods is data availability
and accuracy. Current inventories of BCEs in Canada are not equally available across all regions
and ecosystem types. Sparse data availability particularly hinders methods, like InVEST, that
depend on accurate and comprehensive ecosystem service measures. More robust, and accurate
region-specific data collection is needed to support future valuation assessments.

The valuation of ecosystem services is not a new concept, and many studies are over a
decade old (Himes-Cornell et al., 2018b). However, valuation methods themselves largely
remain debated for their ability to promote or protect ecosystems, resulting in their exclusion
from many policy decisions and conservation efforts (Herr & Landis, 2016; Himes-Cornell et al.,
2018). For instance, PES programs may be impeded by lack of incentives and willingness for
sectors to participate (Chan et al., 2017). Additionally, opportunity costs are challenging to
assess as calculations are based on potential loss and unpredictable future climate damages
(Nijnik & Miller, 2017). Ensuring that information is updated and consistent with current
projections and carbon market prices is crucial to support the validity and reliability of valuation
estimations. Moreover, blue carbon valuation often isolates sequestration services from other
supporting services the ecosystems provide (Himes-Cornell et al., 2018b). Assessing the
synergistic ecological interactions within blue carbon ecosystems can provide a more

comprehensive valuation of ecosystem.



Chapter 3: Methodology
3.1 Case study sites
3.1.1 British Columbia (BC) Northern Shelf Bioregion (NSB) MPA Network

The Northern Shelf Bioregion (NSB) is one of thirteen bioregions in Canada’s waters
which inform national marine planning initiatives (DFO, 2009). The NSB spans from the
northern tip of Vancouver Island across to the Alaskan border (Figure 6). The Northern Shelf
covers approximately 102,000 km? of marine area and supports diverse aquatic species and
important blue carbon habitats including eelgrass, kelp forests, and seabed ecosystems (MPA

Network BC Northern Shelf, 2022).
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Figure 6. Draft map of proposed Network with sub-region boundaries (MPA Network BC
Northern Shelf, 2022).



The development of an MPA Network within NSB is currently underway through a
collaborative effort between the Government of Canada, the Province of British Columbia, and
seventeen First Nations (MPA Network BC Northern Shelf, 2022). The proposed Network will
encompass 30,493 km? of the NSB and stretch across 29,385 km of coastline (MPA Network BC
Northern Shelf, 2022). MPAs and MPA networks are gaining recognition as a valuable tool to
protect blue carbon ecosystems from anthropogenic threats (Barbier et al., 2011; Liquete et al.,
2013). The NSB MPA Network has the potential to play a vital role in achieving Canada’s
climate mitigation goals through the conservation of carbon sequestering habitats and the

application of climate resilience principles into its planning and management.

3.1.2 Owls Head Provincial Park (OHPP)

The ambiguity of coastal ecosystems often excludes them from the scope of either marine
or land habitat inventories (Murphy et al., 2019). This may partially explain why carbon storage
estimates rarely exist at this transition zone between land and water (Canuel et al., 2012).
Therefore, OHPP can constitute a unique case study to explore blue carbon potential of the
coastal zone and contribute to Canada’s inventory of wetland and seagrass ecosystems. OHPP is
located on the Eastern Shore of Nova Scotia/Mi’kma’ki on the Atlantic coast (Figure 7). This
coastal headland is home to an array of biodiverse coastal ecosystems and endangered species
and features expansive wetlands and eelgrass meadows that support important carbon
sequestering ecosystem services. After the delisting of its pending protected area status and
subsequent public resistance, the government of Nova Scotia announced its recent designation
under the Provincial Parks Act in July 2022 (Province of Nova Scotia, 2022). This designation
commits to the protection of over 266 hectares of its Crown lands from development and is a
valuable step towards the conservation and restoration of blue carbon ecosystems (Province of

Nova Scotia, 2022).
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Figure 7. Location of Owls Head Provincial Park on the Eastern Shore of Nova Scotia
(Basemap from Esri, 2022).

3.2 Applying IPCC’s 3 Tier Analysis

This study uses the [PCC’s three-tiered blue carbon approach to contribute to blue carbon
inventories for the two study areas in the Atlantic and Pacific Ocean, based on the status of
available spatial data and information for each region (Table 5). The NSB MPA Network, Pacific
Canada, case studies applied IPCC’s Tier 1 and Tier 2 analyses to demonstrate how existing
information can support multiple tiers of blue carbon assessments. While a Tier 3 analysis did
not fall within the scope of this project, the OHPP case study demonstrated approaches to
collecting spatial data and field samples, and compiled the necessary tools to support a site-

specific assessment.



Table 5. Summary of available data and information used to conduct blue carbon assessments

based on IPCC'’s three-tiered analysis method.

Data available

Source references

Analysis method
(IPCC'’s 3-Tiers)

Seabed sediments,

Global spatial dataset of

Atwood et al., 2020

Tier 1:

2012

Plant density and
biomass

Sutherland et al., 2008

British Columbia wet-to-
dry conversion factors

Wickham et al., 2019

Global estimates of
macroalgae DOC and
POC burial/sequestration

Karuse-Jensen &
Duarte, 2016

Haida Gwaii mean seabed carbon stock Area extent and
MCT Areas zonal statistics

Geomorphic units DFO, 2022

Biodiversity hotspot maps | DFO, 2021

(Nearshore habitat

richness, fish and

invertebrate diversity, and

fish and invertebrate

biomass)
Kelp forest, Giant and bull kelp bed BC Marine Tier 2:
Caamano Sound | polygons Conservation Analysis | Area extent and
MCT Areas (BCMCA), 2008, region-specific

conversion factors

Salt marsh and
eelgrass, OHPP

Drone imagery

Sediment samples

Tier 3:

Area extent of
habitats and lab
analysis of core
samples

A blue carbon assessment of the NSB MPA Network was conducted, using Haida Gwaii

Marine Conservation Targets Areas (MCT Areas) and Caamano Sound MCT Areas as focal

sites. Currently, there are no calculated measurements of seabed carbon storage within the NSB.

However, publicly available geomorphic units for the benthic zone and a global spatial dataset of




mean carbon stocks was able to support a Tier 1 analysis of seabed carbon stock across the NSB

and within Haida Gwaii MCT Areas (Figure 8).
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Figure 8. Haida Gwaii Marine Conservation Target Areas.

Considerable kelp forest mapping efforts in British Columbia (BC Marine Conservation
Analysis (BCMCA), 2008; Costa et al., 2020; Schroeder et al., 2019; Sutherland et al., 2008)
have contributed to the generous availability of historical and current spatial datasets. Moreover,
research on kelp carbon fluxes (Wheeler & Druehl, 1986) and wet-dry mass calibrations
(Wickham et al., 2019) have been conducted on species relevant to the region. Together, these
provided the necessary information to support a Tier 2 analysis of carbon storage potential of

kelp ecosystems in Caamano Sound MCT Areas (Figure 9).
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Figure 9. Caamano Sound Marine Conservation Target Areas.

Currently, there are no available spatial datasets for the location or extent of eelgrass and
wetland ecosystems in OHPP. Additionally, there are no measurements of carbon storage
specific to this site. In the absence of these necessary tools, spatial data and field samples of
eelgrass and salt marsh ecosystems were collected as first steps to support a Tier 3 analysis in the

future.

3.2.1 Tier 1 Analysis: seabed carbon storage of the Haida Gwaii MCT Areas, NSB

3.2.1.1 Spatial data and information

The IPCC’s Tier 1 analysis approach was based on Bax et al. 's (2022) blue carbon
assessment of the Falkland Islands. Geomorphic spatial units published by DFO (DFO, 2022)
were used to define the benthic terrain of NSB (Figure 10a). These geomorphic units delineate
areas of the Canadian Pacific continental shelf and slope according to unique geomorphological
structures with distinct biological assemblages. They were defined by DFO using a benthic

terrain modeller tool with broad and fine-scale benthic positioning index. Furthermore, DFO’s



published hotspot map of nearshore habitat richness (eelgrass, canopy-forming kelp, and
estuaries), fish and invertebrate (e.g., sponges, coral) diversity, and biomass of fish and
invertebrates (DFO, 2021) (Figure 10b) was overlayed to outline the potential sequesters that

may contribute to the seabed carbon storage.
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Figure 10. (a) Geomorphic units outlining the NSB continental shelf and slope (DFO, 2022) and
(b) diversity, species richness, and biomass hotspot polygons (DFO, 2021).

A first-order estimation of the seabed carbon storage potential was derived using a spatial
layer of global mean sediment carbon stocks published by Atwood et al. (2020) (Figure B1,
Appendix B). Atwood et al.’s dataset was developed by compiling 11,578 sediment core samples
of hadal, continental slope, continental shelf, and abyss/basin regions that have been collected by
other studies. For the Tier 1 analysis, the dataset was reprojected from its original 1-kmto a 500
x 500-meter resolution and resampled using bilinear interpolation. This spatial layer was used to
estimate the mean carbon pool found in the first 1 metre of ocean sediment in each spatial pixel

for the respective extents.



3.2.1.2 Analysis

The global mean carbon data layer was clipped to the geomorphic units and Haida Gwaii
MCT Areas and the mean values of carbon stock were derived using zonal statistics in ESRI
ArcGIS Pro. The calculated values were then multiplied by the area of each geomorphic unit and

Haida Gwaii MCT Zone to produce a Tier 1 estimate of the total sediment organic carbon pool.

3.2.2 Tier 2 Analysis: Kelp ecosystems of the Caamano Sound MCT Areas, NSB
3.2.2.1 Spatial data and information

Bull kelp (Nereocystis luetkeana) (Figure 11a) and giant kelp (Macrocystis pyrifera)
(Figure 11b) extent in Caamano Sound MCT Areas was calculated using the most recent kelp
polygons published by British Columbia Marine Conservation Analysis (BCMCA) (BCMCA,
2008; BCMCA, 2012). The BCMCA kelp polygons were developed through a compilation of
survey techniques including aerial overflights and field surveys (BCMCA, n.d).
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Figure 11. Snapshot of (a) bull kelp bed polygons published and (b) giant kelp bed polygons
(BCMCA, 2008, BCMCA, 2012).



3.2.2.1 Analysis

Carbon capture potential of kelp beds within the Caamano Sound MCT Areas was
assessed using an approach derived from Hutto et al., (2021). Kelp density and biomass
estimates were based on field survey data and conversion formulas from British Columbia’s
2007 Kelp Inventory, with a total of 396 Nereocystis plants and 882 Macrocystis fronds sampled
in August 2007 (Sutherland et al., 2008). We used British Columbia specific wet-to-dry
conversion rates (Wickham et al., 2019) of 0.045 and 0.115 for giant kelp and bull kelp,
respectively, to calculate dry weight. Given that approximately 30% (19-31%) of kelp dry weight
is carbon (Ahn et al., 1998; Rosell & Srivastava, 2004) we multiply total dry weight by 0.3 to
calculate total carbon standing stock in kilograms of carbon (kg C). To calculate total net
primary productivity (NPP), we multiplied total carbon standing stock by 1.3 (Hutto et al.,
2021b; Krause-Jensen et al., 2018) to account for losses via dissolved organic carbon (DOC) and
blade erosion. Additionally, Krause-Jensen & Duarte (2016) identify that the percentage of NPP
sequestered long-term in kelp beds, deep seabed, or shelf sediments, is estimated to be 10.92%.
Moreover, as 1 ton of carbon is equivalent to 3.67 tons of COz, the total CO2 naturally

sequestered was calculated from equation 1 (Eq 1).

Total CO: naturally sequestered (tCO2/yr!) =NPP * 0.11 * 3.67 1)
Eq 1. Equation to calculate the total amount of CO: naturally sequestered (Krause-Jensen &
Duarte, 2016).

3.2.3 Tier 3 Analysis: Eelgrass and wetlands, OHPP

3.2.3.1 Spatial data

We collected aerial photos of the OHPP land and intertidal region using a DJI Inspire 2
drone equipped with a Zenmuse X4S camera on May 13, 2022. All required drone flight
certifications were acquired, and flight routes were mapped out using DroneDeploy software
prior to the flight. The flight mission was planned and conducted under minimal to zero wind,
slack low tide conditions, and overcast weather to reduce glare. The eelgrass meadows were
partly submerged underwater during the image collection period. The drone flight path was
operating at approximately 120 metres above ground level and camera was pointed down at a 90-

degree angle during the entire flight.



3.2.3.2 Field sampling data

A series of four eelgrass and six salt marsh sediment cores were collected in the area of
OHPP and surroundings, between July 2022 and September 2022 (Figure 12). Eelgrass sediment
samples were collected during low tide, using a Polyvinyl chloride (PVC) Universal Corer. The
corer was hammered upright into the seafloor sediment until the handle reached the sediment or
the corer did not move any further. Once inserted, we measured the distance from the sediment
to the top of the corer to establish core compaction. After removal, the coring device was capped
and transported to the shore keeping the device upright. Onshore, we placed the corer onto an
extruding rod and used 10mm spacers to slice the core at controlled intervals.

Wetland samples were collected using a Russian Peat Corer in 10cm x 10cm areas
cleared of vegetation. The peat corer was inserted until the top of the sample chamber was flush
with the ground. We rotated the barrel clockwise, 180° and used the handle to close the sampling
chamber. Once the corer was extracted, we placed the device on the ground and rotated the fin to
reveal the semi-core. To collect our subsamples, we laid a measuring tape along the length of the
core and used a knife to slice the core at intervals of 0-2cm, 2-5cm, 5-10cm, and 10cm onward
up to 50cm. Once all the sediment was removed from the device, we reinserted the corer and
followed the same procedure to continue collecting samples at deeper intervals. Core subsamples

were frozen in Ziplock bags until analysis.

62°50W

Figure 12. Salt marsh (pink) and eelgrass (vellow) core sampling sites in OHPP.



3.2.3.3 Image processing

The Agisoft Metashape Profession software was used to create an orthophoto mosaic of
the collected images and correct for the shift in perspective and topography (AgiSoft, 2018). The
drone imagery captured is +/- 10-30 cm of accuracy to maps, making it more accurate than
satellite imagery. The workflow of generating the orthophoto mosaic was generated using the
following process: (1) inputting drone imagery; (2) aligning photos through tie point matching;
(3) building dense clouds and generating a 3D polygon mesh. Dense point clouds were also
cleaned up and points with low confidence intervals were removed; (4) generating an orthophoto
mapping projection from the 3D polygon mesh; and (5) exporting the orthophoto mosaic as a
GeoTIFF file (Balletti et al., 2014). Prior to building the orthomosaic, collected photograph
lighting and colour was enhanced and a digital elevation model (DEM) was also calculated.

The Image Classification Wizard tool on ArcGIS Pro was used to conduct unsupervised
OBIA to segment and classify the imagery following methods used by... The imagery was
segmented using an unsupervised algorithm to separate the image into separable spectral
clusters. The algorithm parameters were set to the following values: spectral detail of 20, spatial
detail of 5, and minimum segment size in pixels of 20. Following this process, the segmented
images were classified using an unsurprised ISO Cluster classifier to identify the pixel clusters
into eight habitat classes. Through visual interpretation, referencing classification guides (ESRD,
2015), on-site observations and pictures (Figure B2, Appendix B), and citizen science data from
iNaturalist (iNaturalist, n.d.) (Figure B3, Appendix B), individual pixels were assigned into one
of the following classes: eelgrass, salt marsh, wetland, water, sand, tree/large shrubs, bare

ground/rock, and seaweed, bare rock/ground.

3.2.3.4 Preparing for lab analysis

Lab analysis methods were based on the “Coastal Blue Carbon Manual” published by the
Blue Carbon Initiative (Howard et al., 2014). First, frozen core samples were catalogued and
weighed to calculate wet volume based on the internal diameter of the coring device (63.5 mm).
The samples were then thawed and placed in a 60 °C oven for at least 24 hours or until dry. Once
fully dried, the mass of the samples was weighed again to calculate dry bulk density, then sifted
through a 2mm mesh sieve to remove solid matter or large clumps. The following steps are still

underway: analyses of organic carbon content using an elemental analyzer or Lost on Ignition



(LOI) methods, and calculation of total soil carbon stocks within case study area. These results
will go towards supporting future analysis to determine the total carbon stocks found in eelgrass

and salt marsh ecosystems of the OHPP.

3.2.3.5 Application to Tier 3 assessment

Although a Tier 3 analysis was not completed within the timeframe of this study, the
collected data support a site-specific assessment of carbon stocks (belowground, soil/sediment)
in OHPP moving forward. The collected drone aerial images and classified blue carbon habitats
can be used to determine the distribution and areal extent of eelgrass beds and salt marsh
habitats. Moreover, once organic carbon content is determined from the lab analysis, total carbon
content of each core can be calculated. To estimate the total amount of carbon stored within
these ecosystems, the average carbon value for each core sample can be multiplied by the area of

each habitat.



Chapter 4: Results
4.1 Tier 1 Analysis: seabed carbon storage of the NSB and Haida Gwaii MCT Areas

The geomorphic units of published by DFO served as the geomorphological spatial data
for NSB, while Atwood et al. 's (2020) global dataset provided global carbon stock. Together,
this information allowed produced a Tier 1 estimate of seabed carbon storage of the NSB’s
continental shelf (Figure 13a) and slope (Figure 13b) regions, as well as Haida Gwaii MCT
Areas (Figure 14).
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Figure 13. Global mean seabed carbon stock spatial dataset published by Atwood et al. (2020)
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Figure 14. Global mean seabed carbon stock spatial dataset published by Atwood et al. (2020)
clipped to Haida Gwaii MCT Areas.

The mean carbon stock of the NSB continental shelf was estimated to be 14,358

megagrams of carbon (Mg C) per square kilometer (Figure 15) (Table C1, Appendix C).

Meanwhile, the continental slope reveled a higher mean carbon stock of 21,540 Mg C per square

kilometer (Figure 15). The values derived for Haida Gwaii MCT Areas indicated that zone 1 has

the highest mean carbon stock per square kilometer of 11,327 Mg C/km?, followed by zone 2 at
9,168 Mg C/km?, and zone 7 at 9,002 Mg C/km? (Figure 15). The remaining zones have
estimates ranging between 8,038 to 8,908 Mg C/km? (Figure 15).
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Figure 15. Mean carbon stock (Mg C/km?) for Haida Gwaii MCT Area zones (dark blue) and
geomorphic units.

Our calculations indicate a higher total carbon stock within the first metre of sediments
for the continental shelf, 98,064,113 Mg C, than the continental slope, 65,141,607 Mg C (Figure
16). Together, this yields a total organic carbon pool of 163,206,720 Mg C across the two NSB
geomorphic units (Table C1, Appendix C). The Haida Gwaii MCT Areas yield a total carbon
pool size of approximately 3,208,492 Mg C within the first metre of seabed sediment (Figure 17)
(Table C2, Appendix C).
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Figure 16. Total carbon stock (Mg C) for NSB geomorphic units.
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Figure 17. Total carbon stock (Mg C) for Haida Gwaii MCT Area zones.



Overlayed with DFO’s diversity, biomass, and species richness hotspot polygons (DFO,
2021), several hotspots representing sequestering species are found within Haida Gwaii MCT
Zones. Zone 1 is a hotspot for invertebrate and fish biomass and diversity; Zone 3 contains fish
biomass and diversity hotspots; Zone 4 is a fish biomass and diversity hotspot; and Zone 5

intersects with a fish biomass hotspot (Figure 18).
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Figure 18. DFO diversity, biomass, and species richness hotspots overlayed onto Haida Gwaii

MCT Areas.

4.2 Tier 2 Analysis: Kelp ecosystems of Caamano Sound MCT Areas

The most recently published BCMCA data showed canopy-forming kelp beds found in
two zones of Caamano Sound MCT Areas: Aristazabal Rennison (Figure 19a) and Trutch Island
Group (Figure 19b). Based on this dataset, bull kelp distribution was estimated to be around 14
km? and giant kelp to cover around 0.95 km? (Table 6).
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Figure 19. Distribution of canopy-forming kelp beds within (a) Aristazabl Rennison and (b)

Trutch Island Groups of the Caamano Sound MCTs.

Based on previous estimates of kelp biomass (Sutherland et al., 2008), a total of 36,017

megagrams in wet weight and total dry weight of 4,599 megagrams was estimated (Table 6).

This gives an estimated standing stock of 1,003 megagrams of carbon. Using the estimates of

total carbon standing stock and a conversion factor of 0.3 to account for losses via DOC and

POC (Rosell & Srivastava, 1985; Ahn et al., 1998), a total net primary productivity (NPP) of

1,303 megagrams of carbon per year was estimated for both giant and bull kelp. Additionally,

with approximately 10.92% of kelp NPP exported to deep-sea ecosystems (Eq. 1) (Hutto et al.,
2021; Krause-Jensen & Duarte, 2016) giant and bull kelp forests in the Caamano Sound MCT

Areas of the NSB can be assumed to naturally sequester approximately 526 megagrams of

CO; every year. This annual sequestration rate is about the equivalent of removing 113 gasoline-

powered passenger vehicles from the road for one year (EPA, 2022).



Table 6. Kelp carbon storage estimates in the Caamano Sound MCT Areas based on kelp dataset

published by BCMCA.
Caamano Total Wet Dry Carbon | Total NPP | Total CO2
Sound MCT | Area Weight Weight Mg) (Mg C/yr!) | Naturally
Areas (km?) | total (Mg) | total sequestered
(Mg) (Mg COz/yr)
Bull Kelp 14 32,669 4,214 887 1,153 465
Giant Kelp 0.95 3,348 385 116 150 61
Total 14.95 36,017 4,599 1,003 1,303 526

4.3 Tier 3 Analysis: Eelgrass and wetlands, OHPP

4.3.1 Spatial data

Aerial drone surveys collected at OHPP served as a first attempt at mapping eelgrass and

salt marsh habitats. The collected drone imagery was stitched to produce the following

orthophoto mosaic of the coastal zone of OHPP pictured in Figure 20.

Figure 20. Orthophoto mosaic of OHPP drone images developed using Agisoft Metashape
Profession software.




Unsupervised OBIA classification of drone images resulted in characterization of eight
classes: eelgrass, salt marsh, wetland, seaweed, bare ground/rock, water, sand, trees/large shrubs,
bare ground/rock, and seaweed, bare ground/rock throughout the images (Figure 21). The
classification was solely based on the segmented pixels and assigned a class based on the
dominant habitat type in each pixel cluster. Several segmented clusters were indistinguishable

based on the drone images, and thus were given multiple potential classifications such as

“seaweed, bare ground/rock”.
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Figure 21. OHPP drone images classified through unsupervised OBIA using Image
Classification Wizard on ArcGIS Pro.

The final habitat map of OHPP illustrates eelgrass beds of various sizes along the inner-
subtidal area of the coastline. Based on the segmented and classified objects, and referencing the
drone imagery, we outline the distribution of eelgrass beds and identify the presence of salt
marsh habitats across the coast of OHPP. We identified the largest eelgrass patch on the western

side of Scanlan Point (Figure 22a) and another large patch near Sand Bar Beach (Figure 22b).



Smaller eelgrass patches were identified within both Five Island Cove (Figure 22¢) and Back
Cove (Figure 22d). Salt marsh and wetland habitats were identified along the western coast of

OHPP (Figure 23) and confirmed on the ground.
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Figure 22. Large eelgrass patches (green) located on (a) the western side of Scanlan Point (b)
near Sand Bar Beach, and other patches within (c) Five Island and (d) Back Cove.
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Figure 23. Salt marsh and wetland ecosystems on the western side of OHPP.

4.3.2 Application for future Tier 3 assessment

These results represent the first attempt at collecting spatial and field samples of eelgrass
and salt marsh habitats of OHPP. The collected core samples are currently undergoing lab
analysis to produce site-specific calculations of organic carbon content and to establish baseline
carbon storage estimates for Nova Scotia. While the analysis could not be completed for the
timeline of this study, results will contribute to the blue carbon inventory of this region by
supporting a site-specific, Tier 3 assessment of eelgrass and salt marsh habitats as suggested in

this work.



Chapter 5: Discussion and Recommendations

This project aimed to explore the fundamental data needed to establish blue carbon
inventories under various levels of data availability. Given the limited spatial data and carbon
storage measurements of BCEs in Canada, this study evaluated the opportunities and limitations
in our current capacity for developing a blue carbon inventory. Through our case study
applications of IPCC’s three-tiered assessment, we demonstrate that, while preliminary estimates
of carbon storage and sequestration can be calculated with the available data and information, the
accuracy of these results are still hindered by the knowledge gaps of spatial data and carbon
measurements. Nevertheless, baseline estimates can be leveraged by marine managers to
communicate the value of protecting blue carbon habitats and processes, but care needs to be
taken not to utilize these estimates in situations calling for more precise data such as carbon
markets. Moreover, this study highlights limitations throughout the mapping and analyses
process of establishing a blue carbon inventory. Future research can be expanded to refine spatial
data collection methods, conduct more region- and site-specific assessments, increase knowledge
and information sharing of BCEs, and develop guidelines on applying blue carbon inventories to

marine management and policy.

5.1 Tier 1 Analysis: seabed carbon storage of the NSB and Haida Gwaii MCT Areas

Our assessment of seabed carbon storage demonstrates the feasibility of applying mean
global blue carbon estimates, while exploring its limitations. However, while this Tier 1
assessment can produce baseline measurements, deriving values from global estimates can have
high uncertainties and large margins of error. Atwood et al. 's (2020) utilizes a wide range of data
and methods in a standardized model. Variations in coring methods, bulk density measurements,
and analytical methods will result in a errors that influence the calculations (Sanderman et al.,
2018). Region-specific sampling of sediment carbon stocks and accumulation rates —both field-
based sampling and remote sensing— are essential in these cases to address the large range of
uncertainties from global models. Moreover, aligning seabed samples with robust geospatial data
can ensure that all necessary components of blue carbon inventories are accounted for at finer
spatial and temporal scales. In addition, increasing seabed blue carbon assessments is necessary

to facilitate cross-comparisons of seabed carbon stocks across distinct regions and seafloor type.



While seafloor geospatial datasets helped to delineate areas of our study region based on
geomorphic characteristics, additional knowledge of the functional diversity, species
assemblages, and the distribution of sequestering species is necessary to understand the seabed
carbon sequestration pathways. The Haida Gwaii MCT zones identified with the highest mean
carbon stock generally overlapped with diversity, species richness, and biomass hotspots. This
supports the hypothesis that carbon accumulation in the seabed increases with diversity and the
number of present functional groups and species assemblages (Barnes & Sands, 2017; Morley et
al., 2022). Expanding our observational data on the presence and distribution of carbon rich taxa
can validate carbon storage estimates and increase our knowledge of blue carbon connectivity
between sequestering species and seabed carbon stocks. Furthermore, investigating the
relationship between seabed carbon burial rates and substrata type, microbes, and environmental
factors such as changes with seasons can give greater insights into the various fluxes that impact
seabed carbon stocks. Future research should focus on developing approaches to identify species
assemblages and trace carbon exported and sequestered in deep sea sediments through methods
such as environmental DNA (eDNA) biomonitoring (Angles d’Auriac et al., 2021; Ortega et al.,
2019).

Despite the availability of data on NSB’s benthic geography and biodiversity hotspots,
this information has rarely been discussed in the context of carbon storage and sequestration
potential. Our Tier 1 assessment, while preliminary, highlights areas across the NSB with
considerable organic carbon storage potential. Moreover, our quantification of carbon storage
within proposed conservation areas can be used by marine managers to communicate the value
of MPAs regarding their climate mitigation potential. Seabed sediments along the continental
shelf and slope are generally the most sensitive to human disturbances (Cavanagh et al., 2021).
Future studies should consider evaluating the vulnerability of seabed carbon stocks to human
disturbance through threat monitoring and quantifying the magnitude of sediment disruption on
current carbon stocks. Additionally, measurements over multiple years would more accurately
assess the amount of carbon entering long-term seabed storage and provide more precise
baselines to assess the impacts of human disturbance on carbon storage (McLeod et al., 2011).
This addition to blue carbon inventories can also be used to advocate for the preservation of
current and future carbon storage and sequestration processes from escalating pressures, and

further highlight the value of conservation measures.



5.2 Tier 2 Analysis: Kelp ecosystems of the Caamano Sound MCT Areas, NSB

With the abundance of existing kelp-related research on the Pacific coast of Canada, we
were able to initiate the first steps towards establishing blue carbon inventory through a Tier 2
assessment of for kelp. However, our assessment focuses solely on Caamano Sound MCT Areas,
accounting for only a small area of the NSB. While there is a subset of spatial data available for
this region, not all areas are mapped extensively. For these reasons, the estimates suggest an
underestimation of carbon sequestration potential of this area. Future mapping efforts should
target data sparse regions and aim to supplement large-scale remote sensing mapping efforts with
ground-truthing data to increase confidence and accuracy. Moreover, further efforts should aim
to apply more accessible methods that are feasible for a wide range of users to adopt. Breaking
down this barrier to data collection can streamline knowledge sharing and expand the capacity to
support blue carbon accounting.

Detailed information relevant to blue carbon accounting can guide marine managers in
prioritizing, conserving, and restoring blue carbon habitats. The carbon sequestration potential of
kelp highlighted by this assessment is merely one of a wider range of ecosystem services they
provide (Duarte, 1995; Krause-Jensen & Duarte, 2016). The sequestration benefits of kelp
ecosystems, alongside additional services and socio-economic benefits can strengthen the case
for protection even further and introduce another pathway through which conservation measures,
like MPAs, can contribute to climate mitigation (Jacquemont et al., 2022). And while this study
emphasizes ecosystem-based conservation, quantified estimates of carbon storage and
sequestration can slo support restoration efforts to combat the decline of kelp populations in the
West Coast (Filbee-Dexter et al., 2016; Krumhansl et al., 2016). Consistent mapping efforts and
long-term monitoring of pressures to kelp ecosystems can ensure changes in ecosystem dynamics
are accounted for in future carbon inventories. Moreover, the NSB has an active record of
collaborative marine planning efforts through initiatives such as Marine Plan Partnership and the
NSB MPA Network (MPA Network BC Northern Shelf, 2022). Moving forward, these
collaborative networks could be leveraged as an avenue to exchange relevant research and
pursue joint efforts to expand management efforts and build on the existing initiatives.

Although an assessment was conduct with the current available data, there are still
several assumptions and limitations. Firstly, while some studies suggest that macroalgae have

significant sequestration contributions through dissolved carbon export (Filbee-Dexter &



Wernberg, 2020; Ortega et al., 2009), other researchers express skepticism due to the
uncertainties and the lack of empirical data supporting these assessments (Gallagher et al., 2022).
A common challenge in integrating kelp in blue carbon assessments is the likelihood for kelp-
derived blue carbon to be measured multiple times, as macroalgae detritus often end up in the
sediments of other ecosystems (Boyer & Fong, 2005; Wernberg et al., 2006). Overall, new
methods are needed to trace donor and sink macroalgal habitats and measure burial rates before
fully integrating their contributions into climate policies.

Secondly, although kelp mapping and monitoring efforts are evidently active and
available for the NSB, current information systems are scattered and rarely carry the complete
subset of data to support the requirements of blue carbon inventories— kelp extent, biomass, and
density. Our estimate of kelp-derived carbon sequestration is based on a compilation of data
(e.g., biomass-from-canopy cover relationship, estimation of NPP) collected by various
researchers, different approaches, and all for a broader range of purposes; this introduces
multiple sources of uncertainty. For instance, although our estimates use a proposed multiplier of
1.3 to measure total NPP from biomass measurements, this number realistically can range from
1.0 up to 5.056, suggesting that our estimates are likely to be conservative (Filbee-Dexter &
Wernberg, 2020). Therefore, creating centralized datasets that encompass kelp extent, density,
and biomass at a site-specific level can produce more accurate and precise carbon sequestration

estimates.

5.3 Tier 3 Analysis: Eelgrass and Saltmarsh, OHPP

During our study, we collected spatial and field data to support a future Tier 3 level
assessment of blue carbon for eelgrass and saltmarsh ecosystems at OHPP on the Atlantic coast.
This collection of information contributes to a regional blue carbon inventory and presents a
clear opportunity to identify areas where further sampling and monitoring can improve this data.
Ultimately, this data collection phase has the potential to turn into salient, site-specific data that
can directly contribute towards Atlantic Canada’s blue carbon inventory.

Through our image classification of the collected drone imagery, we were able to roughly
label habitat classes of OHPP’s coastline. Our habitat classifications, however, did not capture all
physical variations within eelgrass meadows and wetland habitats and thus, results were

collapsed into eight broader classes. Regions where eelgrass patches are expected to continue but



were not classified may be due to misclassification or being too deep or sparse for the drone
camera to detect, which is a common limitation to this mapping method (Postlethwaite et al.,
2018). As a result, the habitat classes likely ended up underestimating the actual coverage,
distribution, and extent of eelgrasses. Additionally, many of the images captured significant sun
glare and reflections hindered the success of several image segmentation and classification stages
and interfered with achieving optimal results from the image analysis software. Delineating
eelgrass beds is challenging even in optimal conditions, as spectral signals of the water,
sediments, and other aquatic vegetation often mix and intersperse with spectral signal of eelgrass
beds within the images (Rowan et al., 2021). Thus, without additional sensors, the drone camera
alone could not fully capture physical differences between eelgrass beds and other aquatic
vegetation, and likely resulted in several misclassifications. The addition of adding a multi-
spectral sensor to the drone camera or polarizing filter, while expensive, can help reduce glare
for future mapping efforts and ease the obstructions in the classification process.

While studies have demonstrated how OBIA can model wetland soil properties and
vegetation (Zhang et al., 2019), our classification could not segment pixel clusters to delineate
terrestrial wetlands or vegetation types. Terrestrial habitats were categorized into wetland or
trees/large shrubs to simplify. Future wetland habitat classification efforts should consider using
remotely sensed data (e.g., Landsat, LIDAR, Wordview, hyperspectral imagery) to provide
classifications of higher accuracy, as they have proven records of being able to successfully
detect and delineate wetland habitats (Campbell & Wang, 2019; Collin et al., 2010; Zhang et al.,
2019). In addition, using observations from citizen science data through iNaturalist, we were able
to classify several eelgrass beds. However, additional in-situ surveys, specifically ground-
truthing, are necessary to address the range of uncertainties through accuracy assessments and
increase the confidence in our eelgrass and saltmarsh identifications. Moving forward, these field
control points can produce more confident calculations on the area extent of eelgrass and

saltmarsh habitats.

5.4 Summary of recommendations
Establishing blue carbon inventories with extensive spatial data and accurate estimates
carbon-related comes with a wide suite of challenges. Similarly, while each tier of assessment

offers its unique merits, it also carries its own sets of complexities. Addressing existing



limitations and working towards refining current approaches can produce inventories that are

exhaustive enough to apply to marine conservation and planning initiatives. Based on the

findings of our study, the following recommendations are proposed to improve the quality of

future assessments and pathways of applying blue carbon to marine management:

Mapping and spatial data:

1.

Knowledge of the location and the extent of blue carbon habitats and processes forms the
crucial foundation for blue carbon inventories. Further ground truthing data and field
surveys can complement current remote sensing efforts and ultimately strengthen the
accuracy and quality of spatial data.

Complete mapping coverage of entire regions, such as the NSB, can be highly expensive
and infeasible to conduct in the absence of adequate funding and resources. Prioritizing
data sparse areas and adopting more feasible methods to survey BCEs can enhance the
availability of spatial information.

Growing blue carbon research and advancements in remote sensing and modeling have
contributed to the body of spatial datasets required to evaluate blue carbon potential.
Finding ways to facilitate sharing of spatial data between groups (e.g., government
agencies, academic institutions, traditional ecological knowledge holders, non-profit

organizations) could improve the accessibility of data and foster greater collaboration.

Assessing carbon-related processes:

1.

While blue carbon estimates can be extrapolated from global estimates, the evident
limitations hinder their applicability to management decisions and climate policy.
Collecting region- and site-specific data could more accurately account for the regional
variabilities in biotic and abiotic factors and carbon storage and sequestration potential.
Blue carbon assessments conducted in siloed projects make it challenging to compare
findings and share information. Knowledge sharing across projects can provide insights
towards recommended methods of assessing blue carbon habitats.

Thorough field surveys and sample collections can be extremely time-consuming and

laborious. Given these restrictions, prioritizing samples in areas where substantial spatial



data exist are readily available can optimize time and resource limitations by growing and

building-upon existing knowledge.

Valuation and applications to management:

1.

Preliminary blue carbon assessments should be leveraged by marine managers as
communication and education tools. Baseline quantifications of blue carbon storage and
value can promote both the ecological and economic value of BCEs and the significance
of management and conservation measures that aim to protect them.

While the federal government can initiate the establishment of a national blue carbon
inventory, Pacific, Atlantic, and Arctic provinces and territories should conduct
assessments at regional scales and develop coordinated strategies between sectors and
regions.

Monitoring human impacts and threats to blue carbon habitats can provide valuable
contributions to blue carbon inventories. Region-specific evaluations are key to
developing appropriate management and conservation strategies.

Guidelines on the application of blue carbon inventories in marine planning should be
established for marine planners and managers. Developing decision support tools and
establishing region-specific blue carbon protocols can assist managers with conservation,
restoration, and climate adaptation actions.

Blue carbon should be a metric for protected area site prioritization. Creating datasets and
spatial planning tools that highlight areas of high carbon sequestration and storage

potential can help realise the application of blue carbon science into marine planning.



Chapter 6: Conclusion

Blue carbon is an emerging concept that links science, policy, and management networks.
As Canada works towards climate mitigation targets, the carbon storage and sequestration
services provided by BCEs are a clear and valuable, yet currently underrated, piece of our
national climate strategy. Evident gaps in our understanding of carbon-related processes and
technical challenges gathering information on BCEs has to-date limited the availability of robust,
accurate, and comprehensive blue carbon data. Our study shows that with our current toolkit,
multi-tier assessments of blue carbon are possible for scenarios with varying data availability.
Initial efforts towards growing blue carbon inventories can catalyze the conversation on carbon
storage and sequestration potential and unlock a valuable foundation for future work. Moving
forward, it is critical to continue to build upon the growing body of knowledge to address current
gaps and challenges in current approaches and strive for high quality inventories. Refining our
data collection methods, while still leveraging the knowledge base will support the inclusion of
blue carbon in marine management and policy. Canada’s blue carbon toolbox, while still missing

pieces, is ever expanding and holds promise for the future.



References

Adao, T., Hruska, J., Padua, L., Bessa, J., Peres, E., Morais, R., & Sousa, J. (2017).
Hyperspectral Imaging: A Review on UAV-Based Sensors, Data Processing and
Applications for Agriculture and Forestry. Remote Sensing, 9(11), 1110.
https://doi.org/10.3390/rs9111110

AgiSoft. (2018). AgiSoft PhotoScan Professional (1.4.5). AgiSoft LLC.

Ahn, O., Petrell, R. J., & Harrison, P. J. (1998). Ammonium and nitrate uptake by Laminaria
saccharina and Nereocystis luetkeana originating from a salmon sea cage farm. Journal of
Applied Phycology, 10(4), 333—-340. https://doi.org/10.1023/A:1008092521651

Alberta Environment and Sustainable Resource Development (ESRD). (2015). Alberta Wetland
Classification System.

Alongi, D. M. (2014). Carbon Cycling and Storage in Mangrove Forests. Annual Review of
Marine Science, 6(1), 195-219. https://doi.org/10.1146/annurev-marine-010213-135020

Alongi, D. M. (2020). Carbon Balance in Salt Marsh and Mangrove Ecosystems: A Global
Synthesis. Journal of Marine Science and Engineering, 8(10), 767.
https://doi.org/10.3390/jmse8100767

Altamirano, J. P., Primavera, J. H., Banaticla, Ma. R. N., & Kurokura, H. (2010). Practical
techniques for mapping small patches of mangroves. Wetlands Ecology and Management,
18(6), 707-715. https://doi.org/10.1007/s11273-010-9190-2

Andréfouét, S. (2008). Coral reef habitat mapping using remote sensing: A user vs producer
perspective. implications for research, management and capacity building. Journal of
Spatial Science, 53(1), 113—129. https://doi.org/10.1080/14498596.2008.9635140

Angles d’Auriac, M., Hancke, K., Gundersen, H., Frigstad, H., & Borgersen, G. (2021). Blue
Carbon eDNA A novel eDNA method to trace macroalgae carbon in marine sediments.

Asplund, M. E., Dahl, M., Ismail, R. O., Arias-Ortiz, A., Deyanova, D., Franco, J. N., Hammar,
L., Hoamby, A. 1., Linderholm, H. W., Lyimo, L. D., Perry, D., Rasmusson, L. M.,
Ridgway, S. N., Salgado Gispert, G., D’Agata, S., Glass, L., Mahafina, J. A., Ramahery, V.,
Masque, P., ... Gullstrom, M. (2021). Dynamics and fate of blue carbon in a mangrove—
seagrass seascape: influence of landscape configuration and land-use change. Landscape

Ecology, 36(5), 1489-1509. https://doi.org/10.1007/s10980-021-01216-8



Atwood, T. B., Witt, A., Mayorga, J., Hammill, E., & Sala, E. (2020). Global Patterns in Marine
Sediment Carbon Stocks. Frontiers in Marine Science, 7.
https://doi.org/10.3389/fmars.2020.00165

Ayostina, 1., Napitupulu, L., Robyn, B., Maharani, C., & Murdiyarso, D. (2022). Network
analysis of blue carbon governance process in Indonesia. Marine Policy, 137, 104955.
https://doi.org/10.1016/j.marpol.2022.104955

Bakker, D. C. E., Pfeil, B., Landa, C. S., Metzl, N., O’Brien, K. M., Olsen, A., Smith, K., Cosca,
C., Harasawa, S., Jones, S. D., Nakaoka, S., Nojiri, Y., Schuster, U., Steinhoff, T., Sweeney,
C., Takahashi, T., Tilbrook, B., Wada, C., Wanninkhof, R., ... Xu, S. (2016). A multi-
decade record of high-quality
&amp;lt;i&amp;gt;f&amp;lt;/i&amp;gt; CO&amp;lt;sub&amp;gt; 2 &amp;lt;/sub&amp;gt;
data in version 3 of the Surface Ocean CO&amp;lt;sub&amp;gt;2&amp;lt;/sub&amp;gt;
Atlas (SOCAT). Earth System Science Data, 8(2), 383—413. https://doi.org/10.5194/essd-8-
383-2016

Balletti, C., Guerra, F., Tsioukas, V., & Vernier, P. (2014). Calibration of Action Cameras for
Photogrammetric Purposes. Sensors, 14(9), 17471-17490.
https://doi.org/10.3390/s140917471

Barbier, E. B., Hacker, S. D., Kennedy, C., Koch, E. W., Stier, A. C., & Silliman, B. R. (2011).
The value of estuarine and coastal ecosystem services. Ecological Monographs, 81(2), 169—
193. https://doi.org/10.1890/10-1510.1

Barnes, D. K. A., Fleming, A., Sands, C. J., Quartino, M. L., & Deregibus, D. (2018). Icebergs,
sea ice, blue carbon and Antarctic climate feedbacks. Philosophical Transactions of the
Royal Society A: Mathematical, Physical and Engineering Sciences, 376(2122),20170176.
https://doi.org/10.1098/rsta.2017.0176

Barnes, D. K. A., & Sands, C. J. (2017). Functional group diversity is key to Southern Ocean
benthic carbon pathways. PLOS ONE, 12(6), e0179735.
https://doi.org/10.1371/journal.pone.0179735

Bax, N., Barnes, D. K. A., Pineda-Metz, S. E. A., Pearman, T., Diesing, M., Carter, S., Downey,
R. v., Evans, C. D., Brickle, P., Baylis, A. M. M., Adler, A. M., Guest, A., Layton, K. K. S.,
Brewin, P. E., & Bayley, D. T. 1. (2022). Towards Incorporation of Blue Carbon in Falkland



Islands Marine Spatial Planning: A Multi-Tiered Approach. Frontiers in Marine Science, 9.
https://doi.org/10.3389/fmars.2022.872727

Bayley, D., Brickle, P., Brewin, P., Golding, N., & Pelembe, T. (2021). Valuation of kelp forest
ecosystem services in the Falkland Islands: A case study integrating blue carbon
sequestration potential. One Ecosystem, 6. https://doi.org/10.3897/oneeco.6.e62811

BC Marine Conservation Analysis (BCMCA). (2008). Bull Kelp Beds (polygons).
https://bcmca.ca/data/eco_kelp bullkelp polygons/

BC Marine Conservation Analysis (BCMCA). (2012). Giant Kelp Beds (polygons).
https://bcmca.ca/data/eco_kelp bullkelp polygons/

BCMCA. (n.d.-a). Marine Plants — Bull Kelp. Retrieved 2 November 2022, from
https://bcmca.ca/datafiles/individualfiles/bcmca_eco kelp bullkelp polygons_atlas.pdf

BCMCA. (n.d.-b). Marine Plants — Giant Kelp. Retrieved 2 November 2022, from
https://bcmca.ca/datafiles/individualfiles/bcmca_eco kelp giantkelp polygons_atlas.pdf

Beland, M., Roberts, D. A., Peterson, S. H., Biggs, T. W., Kokaly, R. F., Piazza, S., Roth, K. L.,
Khanna, S., & Ustin, S. L. (2016). Mapping changing distributions of dominant species in
oil-contaminated salt marshes of Louisiana using imaging spectroscopy. Remote Sensing of
Environment, 182, 192-207. https://doi.org/10.1016/j.rse.2016.04.024

Bertram, C., Quaas, M., Reusch, T. B. H., Vafeidis, A. T., Wolff, C., & Rickels, W. (2021). The
blue carbon wealth of nations. Nature Climate Change, 11(8), 704—709.
https://doi.org/10.1038/s41558-021-01089-4

Bianchi, T. S., Schreiner, K. M., Smith, R. W., Burdige, D. J., Woodard, S., & Conley, D. J.
(2016). Redox Effects on Organic Matter Storage in Coastal Sediments During the
Holocene: A Biomarker/Proxy Perspective. Annual Review of Earth and Planetary
Sciences, 44(1), 295-319. https://doi.org/10.1146/annurev-earth-060614-105417

Borger, T., Hattam, C., Burdon, D., Atkins, J. P., & Austen, M. C. (2014). Valuing conservation
benefits of an offshore marine protected area. Ecological Economics, 108, 229-241.
https://doi.org/10.1016/j.ecolecon.2014.10.006

BORUM, J., PEDERSEN, O., GREVE, T. M., FRANKOVICH, T. A., ZIEMAN, J. C.,
FOURQUREAN, J. W., & MADDEN, C. J. (2005). The potential role of plant oxygen and
sulphide dynamics in die-off events of the tropical seagrass, Thalassia testudinum. Journal

of Ecology, 93(1), 148-158. https://doi.org/10.1111/j.1365-2745.2004.00943



Bostrom, C. (n.d.). Zostera marina meadow in the Archipelago Sea off Finland. Retrieved 11
November 2022, from https://jgi.doe.gov/seagrass-genome-sequence-lends-insights-to-salt-
tolerance/

Bowron, T. M., Neatt, N., van Proosdij, D., & Lundholm, J. (2012). Salt Marsh Tidal Restoration
in Canada’s Maritime Provinces. In Tidal Marsh Restoration (pp. 191-209). Island
Press/Center for Resource Economics. https://doi.org/10.5822/978-1-61091-229-7 13

Callaway, J. C., Borgnis, E. L., Turner, R. E., & Milan, C. S. (2012). Carbon Sequestration and
Sediment Accretion in San Francisco Bay Tidal Wetlands. Estuaries and Coasts, 35(5),
1163—1181. https://doi.org/10.1007/s12237-012-9508-9

Canuel, E. A., Cammer, S. S., McIntosh, H. A., & Pondell, C. R. (2012). Climate Change
Impacts on the Organic Carbon Cycle at the Land-Ocean Interface. Annual Review of Earth
and Planetary Sciences, 40(1), 685—711. https://doi.org/10.1146/annurev-earth-042711-
105511

Carlson, D. (2020). Policy and Planning for Coastal Ecosystems in British Columbia through a
Blue Carbon Lens: A nature-based approach to climate action and resilience.

Cavanagh, R. D., Broszeit, S., Pilling, G. M., Grant, S. M., Murphy, E. J., & Austen, M. C.
(2016). Valuing biodiversity and ecosystem services: a useful way to manage and conserve
marine resources? Proceedings of the Royal Society B: Biological Sciences, 283(1844),
20161635. https://doi.org/10.1098/rspb.2016.1635

Cavanagh, R. D., Melbourne-Thomas, J., Grant, S. M., Barnes, D. K. A., Hughes, K. A., Halfter,
S., Meredith, M. P., Murphy, E. J., Trebilco, R., & Hill, S. L. (2021). Future Risk for
Southern Ocean Ecosystem Services Under Climate Change. Frontiers in Marine Science,
7. https://doi.org/10.3389/fmars.2020.615214

Chan, K. M. A., Anderson, E., Chapman, M., Jespersen, K., & Olmsted, P. (2017). Payments for
Ecosystem Services: Rife With Problems and Potential—For Transformation Towards
Sustainability. Ecological Economics, 140, 110—122.
https://doi.org/10.1016/j.ecolecon.2017.04.029

Chastain, S., Kohfeld, K. E., Pellatt, M. G., Olid, C., & Maija, G. (2021). Quantification of Blue
Carbon in Salt Marshes of the Pacific Coast of Canada. Biogeosciences Discuss.

https://doi.org/https://doi.org/10.5194/bg-2021-157,



Ciais, P., Sabine, C., Bala, G., & Peters, W. (2014). Carbon and Other Biogeochemical Cycles.
In Climate Change 2013 — The Physical Science Basis (pp. 465-570). Cambridge
University Press. https://doi.org/10.1017/CB0O9781107415324.015

Collin, A., Long, B., & Archambault, P. (2010). Salt-marsh characterization, zonation
assessment and mapping through a dual-wavelength LIDAR. Remote Sensing of
Environment, 114(3), 520-530. https://doi.org/10.1016/j.rse.2009.10.011

Costa, M., le Baron, N., Tenhunen, K., Nephin, J., Willis, P., Mortimor, J. P., Dudas, S., &
Rubidge, E. (2020). Historical distribution of kelp forests on the coast of British Columbia:
1858-1956. Applied Geography, 120, 102230.
https://doi.org/10.1016/j.apgeog.2020.102230

Coyer, J. A., Smith, G. J., & Andersen, R. A. (2001). EVOLUTION OF MACROCYSTIS SPP.
(PHAEOPHYCEAE) AS DETERMINED BY ITS1 AND ITS2 SEQUENCESL,. Journal of
Phycology, 37(4), 574-585. https://doi.org/10.1046/5.1529-8817.2001.037001574.x

DFO. (2009). Does eelgrass (Zostera marina) meet the criteria as an ecologically significant
species?

DFO. (2021). Diversity, Richness, and Biomass Hotspots. Fisheries and Oceans Canada.

DFO. (2022). Pacific Marine Ecological Classification System and its Application to the
Northern and Southern Shelf Bioregions. In Fisheries and Oceans Canada. DFO.
https://open.canada.ca/data/en/dataset/abbfe250-8202-4822-8bd 1-aaaf393bbfd5

Douglas, T. J., Schuerholz, G., & Juniper, S. K. (2022). Blue Carbon Storage in a Northern
Temperate Estuary Subject to Habitat Loss and Chronic Habitat Disturbance: Cowichan
Estuary, British Columbia, Canada. Frontiers in Marine Science, 9.
https://doi.org/10.3389/fmars.2022.857586

Druehl, L. D. (1968). Taxonomy and distribution of northeast Pacific species of Laminaria.
Canadian Journal of Botany, 46(5), 539-547. https://doi.org/10.1139/b68-081

Duarte, C. M. (1995). Submerged aquatic vegetation in relation to different nutrient regimes.
Ophelia, 41(1), 87—-112. https://doi.org/10.1080/00785236.1995.10422039

Duarte, C. M., & Cebridn, J. (1996). The fate of marine autotrophic production. Limnology and
Oceanography, 41(8), 1758-1766. https://doi.org/10.4319/10.1996.41.8.1758



Duarte, C. M., Losada, I. J., Hendriks, I. E., Mazarrasa, 1., & Marba, N. (2013). The role of
coastal plant communities for climate change mitigation and adaptation. Nature Climate
Change, 3(11), 961-968. https://doi.org/10.1038/nclimate1970

Duarte, C. M., Marba, N., Gacia, E., Fourqurean, J. W., Beggins, J., Barron, C., & Apostolaki, E.
T. (2010). Seagrass community metabolism: Assessing the carbon sink capacity of seagrass
meadows. Global Biogeochemical Cycles, 24(4), n/a-n/a.
https://doi.org/10.1029/2010GB003793

Duarte de Paula Costa, M., & Macreadie, P. I. (2022). The Evolution of Blue Carbon Science.
Wetlands, 42(8), 109. https://doi.org/10.1007/s13157-022-01628-5

Dufty, J. E., Reynolds, P. L., Bostrém, C., Coyer, J. A., Cusson, M., Donadi, S., Douglass, J. G.,
Eklof, J. S., Engelen, A. H., Eriksson, B. K., Fredriksen, S., Gamfeldt, L., Gustafsson, C.,
Hoarau, G., Hori, M., Hovel, K., Iken, K., Lefcheck, J. S., Moksnes, P.-O., ... Stachowicz,
J. J. (2015). Biodiversity mediates top-down control in eelgrass ecosystems: a global
comparative-experimental approach. Ecology Letters, 18(7), 696-705.
https://doi.org/10.1111/ele.12448

Dufty, J. P, Pratt, L., Anderson, K., Land, P. E., & Shutler, J. D. (2018). Spatial assessment of
intertidal seagrass meadows using optical imaging systems and a lightweight drone.
Estuarine, Coastal and Shelf Science, 200, 169—180.
https://doi.org/10.1016/j.ecss.2017.11.001

Duggins, D. O., Simenstad, C. A., & Estes, J. A. (1989). Magnification of Secondary Production
by Kelp Detritus in Coastal Marine Ecosystems. Science, 245(4914), 170-173.
https://doi.org/10.1126/science.245.4914.170

Dunn, K., Kanagasabesan, T., & Saunders, S. (2022). Blue Carbon in Canada: A Federal Policy
Review.

EPA. (2022, March). Greenhouse Gas Equivalencies Calculator. United States Environmental
Protection Agency. https://www.epa.gov/energy/greenhouse-gas-equivalencies-
calculator#results

Estes, E. R., Pockalny, R., D’Hondst, S., Inagaki, F., Morono, Y., Murray, R. W., Nordlund, D.,
Spivack, A. J., Wankel, S. D., Xiao, N., & Hansel, C. M. (2019). Persistent organic matter
in oxic subseafloor sediment. Nature Geoscience, 12(2), 126—131.

https://doi.org/10.1038/s41561-018-0291-5



Filbee-Dexter, K., Feehan, C., & Scheibling, R. (2016). Large-scale degradation of a kelp
ecosystem in an ocean warming hotspot. Marine Ecology Progress Series, 543, 141-152.
https://doi.org/10.3354/meps11554

Fisheries and Oceans Canada (DFO). (2009). Development of a Framework and Principles for
the Biogeographic Classification of Canadian Marine Areas. https://waves-vagues.dfo-
mpo.gc.ca/library-bibliotheque/338958.pdf

Fourqurean, J. W., Duarte, C. M., Kennedy, H., Marba, N., Holmer, M., Mateo, M. A.,
Apostolaki, E. T., Kendrick, G. A., Krause-Jensen, D., McGlathery, K. J., & Serrano, O.
(2012). Seagrass ecosystems as a globally significant carbon stock. Nature Geoscience,
5(7), 505-509. https://doi.org/10.1038/ngeo 1477

Friess, D. A., Howard, J., Huxham, M., Macreadie, P. ., & Ross, F. (2022). Capitalizing on the
global financial interest in blue carbon. PLOS Climate, 1(8), €0000061.
https://doi.org/10.1371/journal.pclm.0000061

Gacia, E., & Duarte, C. M. (2001). Sediment Retention by a Mediterranean Posidonia oceanica
Meadow: The Balance between Deposition and Resuspension. Estuarine, Coastal and Shelf
Science, 52(4), 505-514. https://doi.org/10.1006/ecss.2000.0753

Gagnon, P., Himmelman, J. H., & Johnson, L. E. (2004). Temporal variation in community
interfaces: kelp-bed boundary dynamics adjacent to persistent urchin barrens. Marine
Biology, 144(6), 1191-1203. https://doi.org/10.1007/s00227-003-1270-x

Gailis, M., Kohfeld, K. E., Pellatt, M. G., & Carlson, D. (2021). Quantifying blue carbon for the
largest salt marsh in southern British Columbia: implications for regional coastal
management. Coastal Engineering Journal, 63(3), 275-309.
https://doi.org/10.1080/21664250.2021.1894815

Gallagher, J. B., Shelamoff, V., & Layton, C. (2022). Seaweed ecosystems may not mitigate
CO2 emissions. ICES Journal of Marine Science, 79(3), 585-592.
https://doi.org/10.1093/icesjms/fsac011

Gedan, K. B., Kirwan, M. L., Wolanski, E., Barbier, E. B., & Silliman, B. R. (2011). The present
and future role of coastal wetland vegetation in protecting shorelines: answering recent
challenges to the paradigm. Climatic Change, 106(1), 7-29. https://doi.org/10.1007/s10584-
010-0003-7



Gonzalez-Garcia, A., Palomo, 1., Gonzalez, J. A., Garcia-Diez, V., Garcia-Llorente, M., &
Montes, C. (2022). Biodiversity and ecosystem services mapping: Can it reconcile urban
and protected area planning? Science of The Total Environment, 803, 150048.
https://doi.org/10.1016/j.scitotenv.2021.150048

Government of British Columbia. (1978). Fraser River Estuary Study Summary.
https://www.for.gov.bc.ca/hfd/library/documents/bib68894.pdf

Government of Canada. (2020). Strategic Assessment of Climate Change.

Government of Nova Scotia. (n.d.). Historic Wetland Loss in Nova Scotia.

Griscom, B. W., Adams, J., Ellis, P. W., Houghton, R. A., Lomax, G., Miteva, D. A.,
Schlesinger, W. H., Shoch, D., Siikaméki, J. v., Smith, P., Woodbury, P., Zganjar, C.,
Blackman, A., Campari, J., Conant, R. T., Delgado, C., Elias, P., Gopalakrishna, T.,
Hamsik, M. R., ... Fargione, J. (2017). Natural climate solutions. Proceedings of the
National Academy of Sciences, 114(44), 11645-11650.
https://doi.org/10.1073/pnas.1710465114

Gruber, N., Clement, D., Carter, B. R., Feely, R. A., van Heuven, S., Hoppema, M., Ishii, M.,
Key, R. M., Kozyr, A., Lauvset, S. K., lo Monaco, C., Mathis, J. T., Murata, A., Olsen, A.,
Perez, F. F., Sabine, C. L., Tanhua, T., & Wanninkhof, R. (2019). The oceanic sink for
anthropogenic CO 2 from 1994 to 2007. Science, 363(6432), 1193—1199.
https://doi.org/10.1126/science.aau5153

Harris, P. T., Macmillan-Lawler, M., Rupp, J., & Baker, E. K. (2014). Geomorphology of the
oceans. Marine Geology, 352, 4-24. https://doi.org/10.1016/j.margeo0.2014.01.011

Herr, D., & Landis, E. (2016). Coastal Blue Carbon Ecosystems: Opportunities for Nationally
Determined Contributions. https://portals.iucn.org/library/sites/library/files/documents/Rep-
2016-026-En.pdf

Herr, D., von Unger, M., Laffoley, D., & McGivern, A. (2017). Pathways for implementation of
blue carbon initiatives. Aquatic Conservation: Marine and Freshwater Ecosystems, 27,
116-129. https://doi.org/10.1002/aqc.2793

Hill, R., Bellgrove, A., Macreadie, P. 1., Petrou, K., Beardall, J., Steven, A., & Ralph, P. J.
(2015). Can macroalgae contribute to blue carbon? An Australian perspective. Limnology

and Oceanography, 60(5), 1689—-1706. https://doi.org/10.1002/In0.10128



Himes-Cornell, A., Grose, S. O., & Pendleton, L. (2018). Mangrove Ecosystem Service Values
and Methodological Approaches to Valuation: Where Do We Stand? Frontiers in Marine
Science, 5. https://doi.org/10.3389/fmars.2018.00376

Himes-Cornell, A., Pendleton, L., & Atiyah, P. (2018). Valuing ecosystem services from blue
forests: A systematic review of the valuation of salt marshes, sea grass beds and mangrove
forests. Ecosystem Services, 30, 36—48. https://doi.org/10.1016/j.ecoser.2018.01.006

Holmquist, J. R., Windham-Myers, L., Bliss, N., Crooks, S., Morris, J. T., Megonigal, J. P.,
Troxler, T., Weller, D., Callaway, J., Drexler, J., Ferner, M. C., Gonneea, M. E., Kroeger,
K. D., Schile-Beers, L., Woo, 1., Buffington, K., Breithaupt, J., Boyd, B. M., Brown, L. N.,
... Woodrey, M. (2018). Accuracy and Precision of Tidal Wetland Soil Carbon Mapping in
the Conterminous United States. Scientific Reports, 8(1), 9478.
https://doi.org/10.1038/s41598-018-26948-7

Hossain, M. S., Bujang, J. S., Zakaria, M. H., & Hashim, M. (2015). The application of remote
sensing to seagrass ecosystems: an overview and future research prospects. International
Journal of Remote Sensing, 36(1), 61—114. https://doi.org/10.1080/01431161.2014.990649

Howard, J., Hoyt, S., Isensee, K., Telszewsk, M., & Pidgeon, E. (2014). Coastal Blue Carbon:
Methods for assessing carbon stocks and emissions factors in mangroves, tidal salt
marshes, and seagrasses.
https://www.cifor.org/publications/pdf files/Books/BMurdiyarso1401.pdf

Howard, J., Sutton-Grier, A., Herr, D., Kleypas, J., Landis, E., Mcleod, E., Pidgeon, E., &
Simpson, S. (2017). Clarifying the role of coastal and marine systems in climate mitigation.
Frontiers in Ecology and the Environment, 15(1), 42-50. https://doi.org/10.1002/fee.1451

Hutto, S., Brown, H., & Francis, E. (2021). Blue Carbon in Marine Protected Areas: Part 1 A
Guide to Understanding and Increasing Protection of Blue Carbon.

Hutto, S., Hohman, R., & Tezak, S. (2021). Blue Carbon in Marine Protected Areas: Part 2 A
Blue Carbon Assessment of Greater Farallones National Marine Sanctuary.
https://nmssanctuaries.blob.core.windows.net/sanctuaries-prod/media/docs/blue-carbon-in-
marine-protected-areas-part-2.pdf

iNaturalist. (n.d.). Owls Head Provincial Park Observations.

https://www.inaturalist.org/observations?project id=93109.



Inoue, T. (2019). Carbon Sequestration in Mangroves. In Blue Carbon in Shallow Coastal
Ecosystems (pp. 73-99). Springer Singapore. https://doi.org/10.1007/978-981-13-1295-3 3

International Union for Conservation of Nature and Natural Resources (IUCN). (2020).
Guidance for using the IUCN Global Standard for Nature-based Solutions: first editions
(First Edition). IUCN, International Union for Conservation of Nature.
https://doi.org/10.2305/TUCN.CH.2020.09.en

IPCC. (2022). Climate Change 2022: Impacts, Adaptation, and Vulnerability.
https://doi.org/10.1017/9781009325844

Jacquemont, J., Blasiak, R., le Cam, C., le Gouellec, M., & Claudet, J. (2022). Ocean
conservation boosts climate change mitigation and adaptation. One Earth, 5(10), 1126—
1138. https://doi.org/10.1016/j.oneear.2022.09.002

Jayathilake, D. R. M., & Costello, M. J. (2020). A modelled global distribution of the kelp
biome. Biological Conservation, 252, 108815. https://doi.org/10.1016/j.biocon.2020.108815

Johnston, D. W. (2019). Unoccupied Aircraft Systems in Marine Science and Conservation.
Annual Review of Marine Science, 11(1), 439—463. https://doi.org/10.1146/annurev-marine-
010318-095323

Kennedy, H., Beggins, J., Duarte, C. M., Fourqurean, J. W., Holmer, M., Marba, N., &
Middelburg, J. J. (2010). Seagrass sediments as a global carbon sink: Isotopic constraints.
Global Biogeochemical Cycles, 24(4), n/a-n/a. https://doi.org/10.1029/2010GB003848

Koch, E. W., Barbier, E. B., Silliman, B. R., Reed, D. J., Perillo, G. M., Hacker, S. D., Granek,
E. F., Primavera, J. H., Muthiga, N., Polasky, S., Halpern, B. S., Kennedy, C. J., Kappel, C.
v, & Wolanski, E. (2009). Non-linearity in ecosystem services: temporal and spatial
variability in coastal protection. Frontiers in Ecology and the Environment, 7(1), 29-37.
https://doi.org/10.1890/080126

Krause-Jensen, D., & Duarte, C. M. (2016). Substantial role of macroalgae in marine carbon
sequestration. Nature Geoscience, 9(10), 737-742. https://doi.org/10.1038/ngeo2790

Krause-Jensen, D., Lavery, P., Serrano, O., Marba, N., Masque, P., & Duarte, C. M. (2018).
Sequestration of macroalgal carbon: the elephant in the Blue Carbon room. Biology Letters,
14(6), 20180236. https://doi.org/10.1098/rsbl.2018.0236

Krumhansl, K. A., Okamoto, D. K., Rassweiler, A., Novak, M., Bolton, J. J., Cavanaugh, K. C.,
Connell, S. D., Johnson, C. R., Konar, B., Ling, S. D., Micheli, F., Norderhaug, K. M.,



Pérez-Matus, A., Sousa-Pinto, 1., Reed, D. C., Salomon, A. K., Shears, N. T., Wernberg, T.,
Anderson, R. J., ... Byrnes, J. E. K. (2016). Global patterns of kelp forest change over the
past half-century. Proceedings of the National Academy of Sciences, 113(48), 13785—
13790. https://doi.org/10.1073/pnas.1606102113

Kuwae, T., Watanabe, A., Yoshihara, S., Suehiro, F., & Sugimura, Y. (2022). Implementation of
blue carbon offset crediting for seagrass meadows, macroalgal beds, and macroalgae
farming in Japan. Marine Policy, 138, 104996.
https://doi.org/10.1016/j.marpol.2022.104996

Kwan, V., Fong, J., Ng, C. S. L., & Huang, D. (2022). Temporal and spatial dynamics of tropical
macroalgal contributions to blue carbon. Science of The Total Environment, 828, 154369.
https://doi.org/10.1016/j.scitotenv.2022.154369

Laffoley, D. (2020). Protecting and effectively managing blue carbon ecosystems to realise the
full value to society- a sea of opportunities.

Lanceman, D., Sadat-Noori, M., Gaston, T., Drummond, C., & Glamore, W. (2022). Blue carbon
ecosystem monitoring using remote sensing reveals wetland restoration pathways. Frontiers
in Environmental Science, 10. https://doi.org/10.3389/fenvs.2022.924221

Lang-Wong, A., Drews, C., Schulz, N., McDonald, R., Plant, T., Heavyside, P., Mora-Soto, A.,
& Sattler, M. (2022). Seaforestation: benefits to the climate, the ecosystems, and the people
of British Columbia. https://ocean.org/app/uploads/2022/07/OceanWise-SeaforestationV1-
1.pdf

Lee, T. R., Wood, W. T., & Phrampus, B. J. (2019). A Machine Learning (kNN) Approach to
Predicting Global Seafloor Total Organic Carbon. Global Biogeochemical Cycles, 33(1),
37-46. https://doi.org/10.1029/2018GB005992

Liquete, C., Piroddi, C., Drakou, E. G., Gurney, L., Katsanevakis, S., Charef, A., & Egoh, B.
(2013). Current Status and Future Prospects for the Assessment of Marine and Coastal
Ecosystem Services: A Systematic Review. PLoS ONE, 8(7), e67737.
https://doi.org/10.1371/journal.pone.0067737

Lovelock, C. E., & Duarte, C. M. (2019). Dimensions of Blue Carbon and emerging
perspectives. Biology Letters, 15(3), 20180781. https://doi.org/10.1098/rsbl.2018.0781

Macreadie, P. 1., Costa, M. D. P., Atwood, T. B., Friess, D. A., Kelleway, J. J., Kennedy, H.,
Lovelock, C. E., Serrano, O., & Duarte, C. M. (2021). Blue carbon as a natural climate



solution. Nature Reviews Earth & Environment, 2(12), 826—839.
https://doi.org/10.1038/s43017-021-00224-1

Macreadie, P. 1., Nielsen, D. A., Kelleway, J. J., Atwood, T. B., Seymour, J. R., Petrou, K.,
Connolly, R. M., Thomson, A. C., Trevathan-Tackett, S. M., & Ralph, P. J. (2017). Can we
manage coastal ecosystems to sequester more blue carbon? Frontiers in Ecology and the
Environment, 15(4), 206-213. https://doi.org/10.1002/fee.1484

Macreadie, P. 1., Trevathan-Tackett, S. M., Skilbeck, C. G., Sanderman, J., Curlevski, N.,
Jacobsen, G., & Seymour, J. R. (2015). Losses and recovery of organic carbon from a
seagrass ecosystem following disturbance. Proceedings of the Royal Society B: Biological
Sciences, 282(1817), 20151537. https://doi.org/10.1098/rspb.2015.1537

Mahdavi, S., Salehi, B., Granger, J., Amani, M., Brisco, B., & Huang, W. (2018). Remote
sensing for wetland classification: a comprehensive review. GIScience & Remote Sensing,
55(5), 623—658. https://doi.org/10.1080/15481603.2017.1419602

Manson, F. J., Loneragan, N. R., McLeod, I. M., & Kenyon, R. A. (2001). Assessing techniques
for estimating the extent of mangroves: topographic maps, aerial photographs and Landsat
TM images. Marine and Freshwater Research, 52(5), 787.
https://doi.org/10.1071/MF00052

Markel, R. W., & Shurin, J. B. (2015). Indirect effects of sea otters on rockfish ( Sebastes spp.)
in giant kelp forests. Ecology, 96(11), 2877-2890. https://doi.org/10.1890/14-0492.1

McKee, K. L., & Cherry, J. A. (2009). Hurricane Katrina sediment slowed elevation loss in
subsiding brackish marshes of the Mississippi River delta. Wetlands, 29(1), 2—15.
https://doi.org/10.1672/08-32.1

McKenzie, L. J., Nordlund, L. M., Jones, B. L., Cullen-Unsworth, L. C., Roelfsema, C., &
Unsworth, R. K. F. (2020). The global distribution of seagrass meadows. Environmental
Research Letters, 15(7), 074041. https://doi.org/10.1088/1748-9326/ab7d06

Mcleod, E., Chmura, G. L., Bouillon, S., Salm, R., Bjork, M., Duarte, C. M., Lovelock, C. E.,
Schlesinger, W. H., & Silliman, B. R. (2011). A blueprint for blue carbon: toward an
improved understanding of the role of vegetated coastal habitats in sequestering CO ».

Frontiers in Ecology and the Environment, 9(10), 552-560. https://doi.org/10.1890/110004



Merzouk, A., & Johnson, L. E. (2011). Kelp distribution in the northwest Atlantic Ocean under a
changing climate. Journal of Experimental Marine Biology and Ecology, 400(1-2), 90-98.
https://doi.org/10.1016/j.jembe.2011.02.020

Miller, R. (n.d.). Bull Kelp in Vancouver Island. Retrieved 11 November 2022, from
https://millermarine.ca/photo-gallery

Miyajima, T., Hori, M., Hamaguchi, M., Shimabukuro, H., & Yoshida, G. (2017). Geophysical
constraints for organic carbon sequestration capacity of Zostera marina seagrass meadows
and surrounding habitats. Limnology and Oceanography, 62(3), 954-972.
https://doi.org/10.1002/In0.10478

Moller, 1., Kudella, M., Rupprecht, F., Spencer, T., Paul, M., van Wesenbeeck, B. K., Wolters,
G., Jensen, K., Bouma, T. J., Miranda-Lange, M., & Schimmels, S. (2014). Wave
attenuation over coastal salt marshes under storm surge conditions. Nature Geoscience,
7(10), 727-731. https://doi.org/10.1038/nge02251

Moomaw, W. R., Chmura, G. L., Davies, G. T., Finlayson, C. M., Middleton, B. A., Natali, S.
M., Perry, J. E., Roulet, N., & Sutton-Grier, A. E. (2018). Wetlands In a Changing Climate:
Science, Policy and Management. Wetlands, 38(2), 183-205.
https://doi.org/10.1007/s13157-018-1023-8

Morley, S. A., Souster, T. A., Vause, B. J., Gerrish, L., Peck, L. S., & Barnes, D. K. A. (2022).
Benthic Biodiversity, Carbon Storage and the Potential for Increasing Negative Feedbacks
on Climate Change in Shallow Waters of the Antarctic Peninsula. Biology, 11(2), 320.
https://doi.org/10.3390/biology 11020320

MPA Network BC Northern Shelf. (2022). Network Action Plan Northern Shelf Bioregion.
https://mpanetwork.ca/wp-content/uploads/2022/10/1.-MPA_Network Action Plan 2022-
web.pdf

Murfitt, S. L., Allan, B. M., Bellgrove, A., Rattray, A., Young, M. A., & lerodiaconou, D.
(2017). Applications of unmanned aerial vehicles in intertidal reef monitoring. Scientific
Reports, 7(1), 10259. https://doi.org/10.1038/s41598-017-10818-9

Murphy, G. E. P., Dunic, J. C., Adamczyk, E. M., Bittick, S. J., Coté, I. M., Cristiani, J.,
Geissinger, E. A., Gregory, R. S., Lotze, H. K., O’Connor, M. 1., Araujo, C. A. S., Rubidge,
E. M., Templeman, N. D., & Wong, M. C. (2021). From coast to coast to coast: ecology and



management of seagrass ecosystems across Canada. FACETS, 6(1), 139-179.
https://doi.org/10.1139/facets-2020-0020

Murphy, G. E. P., Wong, M. C., & Lotze, H. K. (2019). A human impact metric for coastal
ecosystems with application to seagrass beds in Atlantic Canada. FACETS, 4(1), 210-237.
https://doi.org/10.1139/facets-2018-0044

Murray, A. (2013). The salt marshes of Boundary Bay are filled with all manner of wildlife.
https://www.peacearchnews.com/life/by-the-bay-boundary-bays-salt-marshes-overlooked)

Murray, B., Jenkins, A., Sifleet, S., Pendleton, L., & Baldera, A. (2010). Payments for Blue
Carbon Potential for Protecting Threatened Coastal Habitats.
https://nicholasinstitute.duke.edu/sites/default/files/publications/blue-carbon-paper.pdf

Mustard, J. F., Defries, R. S., Fisher, T., & Moran, E. (2012). Land-Use and Land-Cover Change
Pathways and Impacts (pp. 411-429). https://doi.org/10.1007/978-1-4020-2562-4 24

Nagai, S., Nasahara, K. N., Akitsu, T. K., Saitoh, T. M., & Muraoka, H. (2020). Importance of
the Collection of Abundant Ground-Truth Data for Accurate Detection of Spatial and
Temporal Variability of Vegetation by Satellite Remote Sensing (pp. 223-244).
https://doi.org/10.1002/9781119413332.ch11

Nabhirnick, N. K., Reshitnyk, L., Campbell, M., Hessing-Lewis, M., Costa, M., Yakimishyn, J., &
Lee, L. (2019). Mapping with confidence; delineating seagrass habitats using Unoccupied
Aerial Systems (UAS). Remote Sensing in Ecology and Conservation, 5(2), 121-135.
https://doi.org/10.1002/rse2.98

Namba, M., & Nakaoka, M. (2018). Spatial patterns and predictor variables vary among different
types of primary producers and consumers in eelgrass (Zostera marina) beds. PLOS ONE,
13(8),€0201791. https://doi.org/10.1371/journal.pone.0201791

Nellemann, C., Corcoran, E., Duarte, C. M., Valdrés, L., Young, C., Fonseca, D., & Grimsditch,
G. (2009). Blue Carbon: The Role of Healthy Oceans in Binding Carbon. UN Environment,
GRID-Arendal.

Nesshover, C., Assmuth, T., Irvine, K. N., Rusch, G. M., Waylen, K. A., Delbaere, B., Haase, D.,
Jones-Walters, L., Keune, H., Kovacs, E., Krauze, K., Kiilvik, M., Rey, F., van Dijk, J.,
Vistad, O. 1., Wilkinson, M. E., & Wittmer, H. (2017). The science, policy and practice of
nature-based solutions: An interdisciplinary perspective. Science of The Total Environment,

579, 1215-1227. https://doi.org/10.1016/j.scitotenv.2016.11.106



Nijland, W., Reshitnyk, L., & Rubidge, E. (2019). Satellite remote sensing of canopy-forming
kelp on a complex coastline: A novel procedure using the Landsat image archive. Remote
Sensing of Environment, 220, 41-50. https://doi.org/10.1016/j.rse.2018.10.032

Nolan, E. T., Barnes, D. K. A., Brown, J., Downes, K., Enderlein, P., Gowland, E., Hogg, O. T.,
Laptikhovsky, V., Morley, S. A., Mrowicki, R. J., Richardson, A., Sands, C. J., Weber, N.,
Weber, S., & Brickle, P. (2017). Biological and physical characterization of the seabed
surrounding Ascension Island from 100—-1000 m. Journal of the Marine Biological
Association of the United Kingdom, 97(4), 647—659.
https://doi.org/10.1017/S0025315417000820

Nordhaus, W. D. (2017). Revisiting the social cost of carbon. Proceedings of the National
Academy of Sciences, 114(7), 1518—1523. https://doi.org/10.1073/pnas.1609244114

Norman, N. (n.d.). Stock photo of Vancouver Island bull kelp. Retrieved 11 November 2022,
from https://www.uvic.ca/news/topics/2019+kelp-forest-costat+tmedia-release)

Ocean Networks Canada/CSSF. (2021). Deep ocean floor on the west coast of Vancouver Island.

O’Neill, J. D., & Costa, M. (2013). Mapping eelgrass (Zostera marina) in the Gulf Islands
National Park Reserve of Canada using high spatial resolution satellite and airborne
imagery. Remote Sensing of Environment, 133, 152—-167.
https://doi.org/10.1016/j.rse.2013.02.010

Oppenheimer, M., Glavovic, B. C., DeConto R.M, Ghosh, T., Hay, J., Isla, F., Marzeion, B.,
Myessignac, Sebesvari, Z., Hinkel, J., van de Wal, R., Magnan, A. K., Abd-Elgawad, A.,
Cai, R., & Cifuentes-Jara, M. (2022). Sea Level Rise and Implications for Low-Lying
Islands, Coasts and Communities. In The Ocean and Cryosphere in a Changing Climate
(pp- 321-446). Cambridge University Press. https://doi.org/10.1017/9781009157964.006

Ortega, A., Geraldi, N. R., Alam, 1., Kamau, A. A., Acinas, S. G., Logares, R., Gasol, J. M.,
Massana, R., Krause-Jensen, D., & Duarte, C. M. (2019). Important contribution of
macroalgae to oceanic carbon sequestration. Nature Geoscience, 12(9), 748—754.
https://doi.org/10.1038/s41561-019-0421-8

Orth, R., Carruthers, T., Dennison, W., Duarte, C., Fourqurean, J. W., Heck, K. L., Hughes, R.,
Kendrick, G. A., Kenworthy, J., Olyarnik, S., Short, F., Waycott, M., & Williams, S.
(2006). A global crisis for seagrass ecosystems. BioScience, 56(12).



Ouyang, X., & Lee, S. Y. (2014). Updated estimates of carbon accumulation rates in coastal
marsh sediments. Biogeosciences, 11(18), 5057-5071. https://doi.org/10.5194/bg-11-5057-
2014

Ozesmi, S. L., & Bauer, M. E. (2002). Satellite Remote Sensing of Wetlands. Wetlands Ecology
and Management, 10(5), 381-402. https://doi.org/10.1023/A:1020908432489

Pe’eri, S., Morrison, J. R., Short, F., Mathieson, A., & Lippmann, T. (2016). Eelgrass and
Macroalgal Mapping to Develop Nutrient Criteria in New Hampshire’s Estuaries using
Hyperspectral Imagery. Journal of Coastal Research, Sp. Iss. 76, 209-218.
https://doi.org/10.2112/S176-018

Pendleton, L., Donato, D. C., Murray, B. C., Crooks, S., Jenkins, W. A., Sifleet, S., Craft, C.,
Fourqurean, J. W., Kauffman, J. B., Marba, N., Megonigal, P., Pidgeon, E., Herr, D.,
Gordon, D., & Baldera, A. (2012). Estimating Global “Blue Carbon” Emissions from
Conversion and Degradation of Vegetated Coastal Ecosystems. PLoS ONE, 7(9), e43542.
https://doi.org/10.1371/journal.pone.0043542

Pham, T. D., Xia, J., Ha, N. T., Bui, D. T., Le, N. N., & Tekeuchi, W. (2019). A Review of
Remote Sensing Approaches for Monitoring Blue Carbon Ecosystems: Mangroves,
Seagrassesand Salt Marshes during 2010-2018. Sensors, 19(8), 1933.
https://doi.org/10.3390/s19081933

Postlethwaite, V. R., McGowan, A. E., Kohfeld, K. E., Robinson, C. L. K., & Pellatt, M. G.
(2018). Low blue carbon storage in eelgrass (Zostera marina) meadows on the Pacific Coast
of Canada. PLOS ONE, 13(6), €0198348. https://doi.org/10.1371/journal.pone.0198348

Prentice, C., Poppe, K. L., Lutz, M., Murray, E., Stephens, T. A., Spooner, A., Hessing-Lewis,
M., Sanders-Smith, R., Rybczyk, J. M., Apple, J., Short, F. T., Gaeckle, J., Helms, A.,
Mattson, C., Raymond, W. W., & Klinger, T. (2020). A Synthesis of Blue Carbon Stocks,
Sources, and Accumulation Rates in Eelgrass ( Zostera marina ) Meadows in the Northeast
Pacific. Global Biogeochemical Cycles, 34(2). https://doi.org/10.1029/2019GB006345

Province of Nova Scotia. (2022, June 14). Owls Head Provincial Park Designation. News
Release.

Reynolds, D. J., Scourse, J. D., Halloran, P. R., Nederbragt, A. J., Wanamaker, A. D., Butler, P.
G., Richardson, C. A., Heinemeier, J., Eiriksson, J., Knudsen, K. L., & Hall, I. R. (2016).



Annually resolved North Atlantic marine climate over the last millennium. Nature
Communications, 7(1), 13502. https://doi.org/10.1038/ncomms13502

Roberts, B. A., & Robertson, A. (1986). Salt marshes of Atlantic Canada: their ecology and
distribution. Canadian Journal of Botany, 64(2), 455-467. https://doi.org/10.1139/b86-060

Roelfsema, C., Lyons, M., Dunbabin, M., Kovacs, E. M., & Phinn, S. (2015). Integrating field
survey data with satellite image data to improve shallow water seagrass maps: the role of
AUV and snorkeller surveys? Remote Sensing Letters, 6(2), 135—144.
https://doi.org/10.1080/2150704X.2015.1013643

Roelfsema, C. M., & Phinn, S. R. (2013). Validation. In Coral Reef Remote Sensing (pp. 375—
401). Springer Netherlands. https://doi.org/10.1007/978-90-481-9292-2 14

Rogers, K., Macreadie, P. 1., Kelleway, J. J., & Saintilan, N. (2019). Blue carbon in coastal
landscapes: a spatial framework for assessment of stocks and additionality. Sustainability
Science, 14(2), 453—-467. https://doi.org/10.1007/s11625-018-0575-0

Rohr, M. E., Holmer, M., Baum, J. K., Bjork, M., Boyer, K., Chin, D., Chalifour, L., Cimon, S.,
Cusson, M., Dahl, M., Deyanova, D., Duffy, J. E., Eklof, J. S., Geyer, J. K., Griffin, J. N.,
Gullstrom, M., Hereu, C. M., Hori, M., Hovel, K. A., ... Bostrém, C. (2018). Blue Carbon
Storage Capacity of Temperate Eelgrass ( Zostera marina ) Meadows. Global
Biogeochemical Cycles, 32(10), 1457—1475. https://doi.org/10.1029/2018GB005941

Rosell, K.-G., & Srivastava, L. M. (2004). SEASONAL VARIATIONS IN TOTAL
NITROGEN, CARBON AND AMINO ACIDS IN MACROCYSTIS INTEGRIFOLIA
AND NEREOCYSTIS LUETKEANA (PHAEOPHYTA)1. Journal of Phycology, 21(2),
304-309. https://doi.org/10.1111/.0022-3646.1985.00304.x

Roughan, B. L., Kellman, L., Smith, E., & Chmura, G. L. (2018). Nitrous oxide emissions could
reduce the blue carbon value of marshes on eutrophic estuaries. Environmental Research
Letters, 13(4), 044034. https://doi.org/10.1088/1748-9326/aab63c

Rowan, G. S. L., Kalacska, M., Inamdar, D., Arroyo-Mora, J. P., & Soffer, R. (2021). Multi-
Scale Spectral Separability of Submerged Aquatic Vegetation Species in a Freshwater
Ecosystem. Frontiers in Environmental Science, 9.
https://doi.org/10.3389/fenvs.2021.760372

Sala, E., Mayorga, J., Bradley, D., Cabral, R. B., Atwood, T. B., Auber, A., Cheung, W.,
Costello, C., Ferretti, F., Friedlander, A. M., Gaines, S. D., Garilao, C., Goodell, W.,



Halpern, B. S., Hinson, A., Kaschner, K., Kesner-Reyes, K., Leprieur, F., McGowan, J., ...
Lubchenco, J. (2021). Protecting the global ocean for biodiversity, food and climate.
Nature, 592(7854), 397-402. https://doi.org/10.1038/s41586-021-03371-z

Sanderman, J., Hengl, T., Fiske, G., Solvik, K., Adame, M. F., Benson, L., Bukoski, J. J.,
Carnell, P., Cifuentes-Jara, M., Donato, D., Duncan, C., Eid, E. M., Ermgassen, P. zu,
Lewis, C. J. E., Macreadie, P. 1., Glass, L., Gress, S., Jardine, S. L., Jones, T. G., ... Landis,
E. (2018). A global map of mangrove forest soil carbon at 30 m spatial resolution.
Environmental Research Letters, 13(5), 055002. https://doi.org/10.1088/1748-9326/aabelc

Santos, I. R., Burdige, D. J., Jennerjahn, T. C., Bouillon, S., Cabral, A., Serrano, O., Wernberg,
T., Filbee-Dexter, K., Guimond, J. A., & Tamborski, J. J. (2021). The renaissance of
Odum’s outwelling hypothesis in ‘Blue Carbon’ science. Estuarine, Coastal and Shelf
Science, 255, 107361. https://doi.org/10.1016/j.ecss.2021.107361

Santos, L., Garaffa, R., Lucena, A., & Szklo, A. (2018). Impacts of Carbon Pricing on Brazilian
Industry: Domestic Vulnerability and International Trade Exposure. Sustainability, 10(7),
2390. https://doi.org/10.3390/su10072390

Sapkota, Y., & White, J. R. (2020). Carbon offset market methodologies applicable for coastal
wetland restoration and conservation in the United States: A review. Science of The Total
Environment, 701, 134497. https://doi.org/10.1016/j.scitotenv.2019.134497

Satyanarayana, B., Mohamad, K. A., Idris, I. F., Husain, M.-L., & Dahdouh-Guebas, F. (2011).
Assessment of mangrove vegetation based on remote sensing and ground-truth
measurements at Tumpat, Kelantan Delta, East Coast of Peninsular Malaysia. International
Journal of Remote Sensing, 32(6), 1635—1650. https://doi.org/10.1080/01431160903586781

Schroeder, S. B., Dupont, C., Boyer, L., Juanes, F., & Costa, M. (2019). Passive remote sensing
technology for mapping bull kelp (Nereocystis luetkeana): A review of techniques and
regional case study. Global Ecology and Conservation, 19, e00683-Article No.: e00683.
https://doi.org/10.1016/j.gecco.2019.e00683

Selby, K. A., Roe, H. M., Wright, A. J., van de Plassche, O., & Derrett, S. R. (2022). Saltmarsh
archives of vegetation and land use change from Big River Marsh, SW Newfoundland,
Canada. Vegetation History and Archaeobotany, 31(2), 137-154.
https://doi.org/10.1007/s00334-021-00845-y



Shafer, D. J., Kaldy, J. E., & Gaeckle, J. L. (2014). Science and Management of the Introduced
Seagrass Zostera japonica in North America. Environmental Management, 53(1), 147-162.
https://doi.org/10.1007/s00267-013-0172-z

Shepard, C. C., Crain, C. M., & Beck, M. W. (2011). The Protective Role of Coastal Marshes: A
Systematic Review and Meta-analysis. PLoS ONE, 6(11), e27374.
https://doi.org/10.1371/journal.pone.0027374

Siikamaéki, J., Sanchirico, J. N., Jardine, S., McLaughlin, D., & Morris, D. (2013). Blue Carbon:
Coastal Ecosystems, Their Carbon Storage, and Potential for Reducing Emissions.
Environment: Science and Policy for Sustainable Development, 55(6), 14-29.
https://doi.org/10.1080/00139157.2013.843981

Smale, D. A., Moore, P. J., Queirés, A. M., Higgs, N. D., & Burrows, M. T. (2018).
Appreciating interconnectivity between habitats is key to blue carbon management.
Frontiers in Ecology and the Environment, 16(2), 71-73. https://doi.org/10.1002/fee.1765

Spalding, M. D., Ruffo, S., Lacambra, C., Meliane, 1., Hale, L. Z., Shepard, C. C., & Beck, M.
W. (2014). The role of ecosystems in coastal protection: Adapting to climate change and
coastal hazards. Ocean & Coastal Management, 90, 50-57.
https://doi.org/10.1016/j.ocecoaman.2013.09.007

Spivak, A. C., Sanderman, J., Bowen, J. L., Canuel, E. A., & Hopkinson, C. S. (2019). Global-
change controls on soil-carbon accumulation and loss in coastal vegetated ecosystems.
Nature Geoscience, 12(9), 685—692. https://doi.org/10.1038/s41561-019-0435-2

Starko, S., Bailey, L. A., Creviston, E., James, K. A., Warren, A., Brophy, M. K., Danasel, A.,
Fass, M. P., Townsend, J. A., & Neufeld, C. J. (2019). Environmental heterogeneity
mediates scale-dependent declines in kelp diversity on intertidal rocky shores. PLOS ONE,
14(3), €0213191. https://doi.org/10.1371/journal.pone.0213191

St-Pierre, A. P., & Gagnon, P. (2020). Kelp-bed dynamics across scales: Enhancing mapping
capability with remote sensing and GIS. Journal of Experimental Marine Biology and
Ecology, 522, 151246-Article No.: 151246. https://doi.org/10.1016/j.jembe.2019.151246

Sutherland, I. R., Karpouzi, M., Mamoser, B., & Carswell, B. (2008). Kelp Inventory, 2007:
Areas of the British Columbia Central Coast from Hakai Passage to the Bardswell Group.
https://epub.sub.uni-hamburg.de/epub/volltexte/2009/3402/pdf/Kelp2007 HakaiPass.pdf



Suyadi, Gao, J., Lundquist, C. J., & Schwendenmann, L. (2020). Aboveground Carbon Stocks in
Rapidly Expanding Mangroves in New Zealand: Regional Assessment and Economic
Valuation of Blue Carbon. Estuaries and Coasts, 43(6), 1456—1469.
https://doi.org/10.1007/s12237-020-00736-x

Tang, J., Ye, S., Chen, X., Yang, H., Sun, X., Wang, F., Wen, Q., & Chen, S. (2018). Coastal
blue carbon: Concept, study method, and the application to ecological restoration. Science
China Earth Sciences, 61(6), 637-646. https://doi.org/10.1007/s11430-017-9181-x

Taylor, G. (n.d.). Salt Marsh Trail Photos. Retrieved 11 November 2022, from
https://multimedia.halifaxtrails.ca/photos/salt-marsh-trail/)

Teagle, H., & Smale, D. A. (2018). Climate-driven substitution of habitat-forming species leads
to reduced biodiversity within a temperate marine community. Diversity and Distributions,
24(10), 1367—-1380. https://doi.org/10.1111/ddi.12775

Thompson, K., Miller, K., Johnston, P., & Santillo, D. (2017). Storage of carbon by marine
ecosystems and their contribution to climate change mitigation.

United Nations Framework Convention on Climate Change (UNFCC). (2018). The Paris
Agreement. https://unfccc.int/sites/default/files/resource/parisagreement publication.pdf

Unsworth, R. K. F., McKenzie, L. J., Collier, C. J., Cullen-Unsworth, L. C., Duarte, C. M.,
Eklof, J. S., Jarvis, J. C., Jones, B. L., & Nordlund, L. M. (2019). Global challenges for
seagrass conservation. Ambio, 48(8), 801-815. https://doi.org/10.1007/s13280-018-1115-y

van Rein, H., Brown, C., Quinn, R., & Breen, J. (2009). A review of sublittoral monitoring
methods in temperate waters: a focus on scale. Underwater Technology, 28(3), 99—113.
https://doi.org/10.3723/ut.28.099

Vierros, M. K., Harrison, A.-L., Sloat, M. R., Crespo, G. O., Moore, J. W., Dunn, D. C., Ota, Y.,
Cisneros-Montemayor, A. M., Shillinger, G. L., Watson, T. K., & Govan, H. (2020).
Considering Indigenous Peoples and local communities in governance of the global ocean
commons. Marine Policy, 119, 104039. https://doi.org/10.1016/j.marpol.2020.104039

Watson, J., & Estes, J. A. (2011). Stability, resilience, and phase shifts in rocky subtidal
communities along the west coast of Vancouver Island, Canada. Ecological Monographs,
81(2), 215-239. https://doi.org/10.1890/10-0262.1

Wedding, L. M., Moritsch, M., Verutes, G., Arkema, K., Hartge, E., Reiblich, J., Douglass, J.,
Taylor, S., & Strong, A. L. (2021). Incorporating blue carbon sequestration benefits into



sub-national climate policies. Global Environmental Change, 69, 102206.
https://doi.org/10.1016/j.gloenvcha.2020.102206

Wheeler, W. N., & Druehl, L. D. (1986). Seasonal growth and productivity ofMacrocystis
integrifolia in British Columbia, Canada. Marine Biology, 90(2), 181-186.
https://doi.org/10.1007/BF00569125

Wickham, S. B., Darimont, C. T., Reynolds, J. D., & Starzomski, B. M. (2019). Species-specific
wet-dry mass calibrations for dominant Northeastern Pacific Ocean macroalgae and
seagrass. Aquatic Botany, 152, 27-31. https://doi.org/10.1016/j.aquabot.2018.09.006

Wilson, K. L., Kay, L. M., Schmidt, A. L., & Lotze, H. K. (2015). Effects of increasing water
temperatures on survival and growth of ecologically and economically important seaweeds
in Atlantic Canada: implications for climate change. Marine Biology, 162(12), 2431-2444.
https://doi.org/10.1007/s00227-015-2769-7

Wilson, K. L., Skinner, M. A., & Lotze, H. K. (2019). Eelgrass (Zostera marina) and benthic
habitat mapping in Atlantic Canada using high-resolution SPOT 6/7 satellite imagery.
Estuarine Coastal and Shelf Science, 226, 106292-Article No.: 106292.
https://doi.org/10.1016/j.ecss.2019.106292

Wilson, K. L., Tittensor, D. P., Worm, B., & Lotze, H. K. (2020). Incorporating climate change
adaptation into marine protected area planning. Global Change Biology, 26(6), 3251-3267.
https://doi.org/10.1111/gcb.15094

Wilson, K., & Lotze, H. (2019). Climate change projections reveal range shifts of eelgrass
Zostera marina in the Northwest Atlantic. Marine Ecology Progress Series, 620, 47-62.
https://doi.org/10.3354/meps12973

Winkler, N. (2022). Save Owls Head Provincial Park. https://saveowlshead.org/ecology/photos-
by-nicolas-winkler/

Wong, M. C. (2018). Secondary Production of Macrobenthic Communities in Seagrass (Zostera
marina, Eelgrass) Beds and Bare Soft Sediments Across Differing Environmental
Conditions in Atlantic Canada. Estuaries and Coasts, 41(2), 536-548.
https://doi.org/10.1007/s12237-017-0286-2

Wong, M. C., Bravo, M. A., & Dowd, M. (2013). Ecological dynamics of Zostera marina
(eelgrass) in three adjacent bays in Atlantic Canada. Botm, 56(5-6), 413—424.
https://doi.org/10.1515/bot-2013-0068



Worm, B., Barbier, E. B., Beaumont, N., Dufty, J. E., Folke, C., Halpern, B. S., Jackson, J. B. C.,
Lotze, H. K., Micheli, F., Palumbi, S. R., Sala, E., Selkoe, K. A., Stachowicz, J. J., &
Watson, R. (2006). Impacts of Biodiversity Loss on Ocean Ecosystem Services. Science,
314(5800), 787-790. https://doi.org/10.1126/science.1132294

Young, D., Clinton, P., & Specht, D. (2010). Mapping intertidal eelgrass (Zostera marina L.) in
three coastal estuaries of the Pacific Northwest USA using false colour near-infrared aerial
photography. International Journal of Remote Sensing, 31(7), 1699-1715.
https://doi.org/10.1080/01431160902926590

Young, M. A., Serrano, O., Macreadie, P. 1., Lovelock, C. E., Carnell, P., & Ierodiaconou, D.
(2021). National scale predictions of contemporary and future blue carbon storage. Science
of The Total Environment, 800, 149573. https://doi.org/10.1016/j.scitotenv.2021.149573

Zedler, J. B., & Kercher, S. (2005). WETLAND RESOURCES: Status, Trends, Ecosystem
Services, and Restorability. Annual Review of Environment and Resources, 30(1), 39-74.
https://doi.org/10.1146/annurev.energy.30.050504.144248

Zhang, Y., Zhang, J., Liang, Y., Li, H., Li, G., Chen, X., Zhao, P., Jiang, Z., Zou, D., Liu, X., &
Liu, J. (2017). Carbon sequestration processes and mechanisms in coastal mariculture
environments in China. Science China Earth Sciences, 60(12), 2097-2107.
https://doi.org/10.1007/s11430-017-9148-7

Zhong, Y., Xue, Z., Jiang, M., Liu, B., & Wang, G. (2021). The application of species
distribution modeling in wetland restoration: A case study in the Songnen Plain, Northeast

China. Ecological Indicators, 121, 107137. https://doi.org/10.1016/j.ecolind.2020.107137



Appendix A: Supplementary Material, Chapter 2

Table Al. Examples of data collected from various mapping methods and their application to
blue carbon research.

Mapping method Data Application to Reference
blue carbon
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and satellite benthic
(IKONOS) ecosystems
imagery
SPOT 6/7 satellite s : Eelgrass Wilson et al,
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False color near-
infrared aerial

imagery

Mapping and Young et al,
classifying 2010
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Hyperspectral Habitat Pe'eri et al.,
data collected classification to 2016
from remote support
sensing platforms management and
(e.g., airborne or monitoring of
satellite) or in situ estuarine
(e.g., buoys) nutrient content
Unoccupied Identifying Nahirnick et
Aerial Systems eelgrass beds at al., 2018
(UAS) monitoring sites
Unoccupied Kennedy Cove [| [Calculate carbon| Postlethwait et
Aerial Vehicle s storage of al., 2018
(UAV); subtidal - Do Semple eelgrass
field surveys i ecosystems;
identify areas of
high carbon
stocks to support
conservation
WorldView 3 Kelp mapping | Schroeder et
satellite imagery; and biomass al., 2019
kayak field indicators

surveys




Digital aerial Kelp habitat St-Pierre &
photographs maps Gagnon, 2020
(acquired on
board a
helicopter);
satellite (SPOT 7)
Scanning Identify and Collin et al.,
Hydrographic classify 2010
Operational saltmarsh
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Figure B1. Global mean sediment carbon stock spatial layer published by Atwood et al. (2020).



Figure B2. On-site field observations and pictures for salt marsh coring sites.
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Figure B3. Citizen science observations for eelgrass within OHPP (iNaturalist, n.d.).
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Table C1. Mean carbon stock and total storage estimates of the first metre of the continental

shelf and slope seabed of NSB, calculated based on global estimates published by Atwood et al.

(2020).

Continental Shelf

Continental Slope

on global mean estimates
(Atwood et al., 2020)

Area (km?) 68,301 30,243
Mean carbon stock (Mg/km?), 14,358 21,540
based on global mean estimates
(Atwood et al., 2020)
Total carbon stock (Mg), based 98,064,113 65,141,607




Table C2. Mean carbon stock and total carbon stock estimates of the first metre of seabed across

Haida Gwaii MCT Areas, based on global estimates published by Atwood et al. (2020).

Haida Gwaii Area (km?) Mean carbon stock Total carbon stock
MCT (Mg C/km?), based on| (Mg C), based on
Area Zones global estimates global estimates
(Atwood et al., 2020) | (Atwood et al., 2020)
1 220 11,327 249,077
2 152 9,168 139,380
3 268 8,908 238.621
4 901 8,498 765,679
5 831 8,038 667,918
6 1072 8,462 907,180
7 532 9,002 479,019
Total 3976 9,058 3,208,492




