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1. Introduction

Increasing concern about the economic, social and health risks to Canadian communities resulting from climate
change and biodiversity loss have led to the creation of the Census of Environment (CoE) (Statistics Canada, 2022).
This new program will report on ecosystems in Canada, providing information to help Canadians make evidence-
based decisions to protect, rehabilitate, enhance and sustain our environment.

Using the United Nations System of Environmental-Economic Accounting — Ecosystem Accounting (SEEA-EA)
framework (United Nations et al., 2021), the CoE will develop comprehensive ecosystem accounts to help track
changes in extent, condition, and ecosystem services provided by ecosystems over time (Figure 1). These accounts
will help to bridge the gap between economic and environmental data for policymakers. By bridging this gap and
placing an emphasis on the value of the natural environment and its benefits to society the accounts will support
analysis of benefits and trade-offs between the economy and environment.

Over time, the CoE will develop ecosystem accounts for many ecosystem types in Canada. One of the early focal
areas for the CoE will be salt marshes, a coastal ecosystem. Although Canada has the longest coastline in the
world, data on coastal ecosystems are generally lacking, as the focus of data collection is typically on ecosystems
that are traditionally recognized as economically valuable. However, there is growing recognition of the importance
of coastal ecosystems such as salt marshes for climate change adaptation and mitigation.

Salt marshes provide valuable ecosystem services including but not limited to carbon sequestration, protection
against coastal storms and flooding, maintenance of water quality and quantity, habitat provision and support
of recreational activities. Moving forward, data collection about these ecosystems is important because they
are vulnerable to the impacts of climate change (Lemmen et al., 2016) and are at risk of being lost along with
their services.

This publication marks the beginning of ongoing research and partnership creation which willinform the development
of pilot salt marsh accounts. In this paper, an ecosystem accounting framework for Canada’s salt marshes is
presented. The framework has been intentionally created with flexibility in mind so that other groups can use and
adapt it to their specific needs. Over the next year this framework will be used to begin producing these accounts,
leading to a growing number of tables and other data products. As accounts continue to be developed over the
years in collaboration with different levels of government, industry, Indigenous groups and NGOs, data sources
and methodology of data collection and analysis will be refined. Through this process, account tables will be
continually expanded and updated using data from multiple sources, simple models, and through engagement
with experts.

Ideally, accounts along with additional associated information would be produced on an annual basis, however,
more research and data are required to reach this goal. The first pilot accounts will be compiled opportunistically
and will reflect the knowledge and data gaps described in this paper, with some variables missing, incomplete,
roughly estimated, or presented using proxies.

The first section of this paper briefly outlines salt marsh extent. The following sections focus on condition and
ecosystem services accounts, including proposed variables, methodology, metrics data sources, challenges
and limitations. This technical paper provides a foundation for the development of salt marsh accounts
and will serve as guidance for the further development of coastal and ocean ecosystem accounts as part of the
CoE, which will ultimately provide a full picture of the state of ecosystems and their contributions to Canadians.
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Figure 1

Key components in the System of Environmental-Economic Accounting — Ecosystem Accounting (SEEA-EA) framework

@ Extent:

The extent account tracks change in
the area covered by different
ecosystems. For example, the
boundaries of individual salt
marshes are measured repeatedly
to understand changes in extent,

@ Condition:

The condition account compiles
information about the health of
ecosystems. For salt marshes, that
means tracking characteristics such
as the duration of tidal flooding at
individual marshes,

@ Ecosystem services:

Information from the extent and
condition accounts informs the
measurement of ecosystem
services, An important service
provided by salt marshes is coastal
protection. Healthy salt marshes
that are not shrinking can protect
homes and infrastructure from
coastal flooding.
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What are salt marshes?

The International Union for Conservation of Nature (IUCN) Global Ecosystem Typology is the proposed SEEA-
EA reference classification for delineating ecosystems. It classifies coastal river deltas, intertidal forests, and
coastal salt marshes as distinct ecosystem functional groups within the brackish tidal biome (Keith et al.,
2020).

Salt marshes are a type of coastal wetland that occur globally in middle to high latitudes, typically along
sheltered coastlines and in estuaries (McOwen, et al., 2017). They are found in the upper intertidal zone
between mean sea level and high tide where salt- and flood-tolerant vegetation is able to live. Depending
on where a salt marsh is situated in relation to the ocean, overall salinity levels can vary. For the purposes of
Statistics Canada’s pilot salt marsh accounts, any tidally influenced marshes that are not solely influenced
by freshwater are considered salt marshes.

Salt marshes have relatively flat topography with channel systems that allow tidal flooding. At high or extreme
high tide, the entire marsh surface can be flooded. Salt marshes can also have depressions in the surface
called ‘pannes’ where water pools (French, 2019). Intermittent tidal flooding and salinity are characteristic
of these ecosystems and produce fine-scale hydrological and salinity gradients across the marsh surface
(Keith et al., 2020). These gradients affect the organization of plant communities and overall functioning of
the ecosystem (Pennings & Bertness, 2001).

Despite flooding and salinity stress, salt marshes support highly productive stress-tolerant grass-like plants
(gramminoids), herbs and low shrubs (McOwen et al., 2017). Salt marsh vegetation plays a strong role in
stabilizing marsh soils and facilitating marsh establishment and growth (French, 2019; Mudd et al., 2010; Van
Eerdt, 1985). Since salt marshes are sedimentary systems, with enough available sediment they can grow
vertically to adapt to sea-level and coastal condition changes, making them an excellent coastal climate
change defense (Grenfell et al., 2019; Schile et al., 2014).

Salt marshes provide important ecosystem services including, but not limited to, carbon sequestration,
protection against coastal storms and flooding, water quality and quantity maintenance, habitat provision
and support of recreational activities. These services play a clear role in the well-being of Canadians, the
Canadian economy and efforts to meet Intergovernmental Panel on Climate Change targets. They are also
an important link between land and marine environments (Janes et al., 2020), supporting industries such as
commercial fishing. As such, they have been targeted as one of the first ecosystems for building ecosystem
accounts as part of the new Census of Environment (Statistics Canada, 2022).

2. Applying the SEEA-EA in Canadian salt marshes
2.1 Extent

As salt marshes have not been comprehensively mapped in Canada, extent estimates (Table 1) were compiled
using the best available data (see Appendix A for methods). Datasets include global, provincial and federal sources
that span a period from 1995 to the present. Data were mainly acquired through remote sensing and satellite
imagery, with some being ground-truthed by the collecting organizations. Together, these data cover most of the
country (Map 1 & Map 2). Notably, there is a paucity of extent data in the North and in Newfoundland and Labrador
where, at best, there are confirmed occurrences (denoted by points or lines on Maps 1 & 2) with no explicitly
mapped area. Most regions with no explicitly mapped extent reflect data gaps as opposed to a lack of salt marsh.
With better satellite data and land cover classification methods becoming available, data precision will improve
and data gaps will be filled over time. Current estimated extent includes 3,602 km? of salt marsh area across the
country, with an additional 1,304 km of coastline classified as salt marsh with no associated area.

The temporal coverage of these data presents several issues. First, the data provide a poor historical benchmark
for salt marsh extent. There is an extensive history of marsh conversion to agricultural land in Canada. Converted
marshes were used by early colonial settlers as farmland, especially the Acadians (dating back to the 1600s)
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(Milligan, 1987). This issue is particularly noted in parts of the country where solely modern datasets are available.
Second, use of a static extent does not allow tracking extent changes resulting from the natural processes of
migration and erosion (see section 2.2.1.1), marsh changes from climate change, marsh change and loss due to
construction, and extent gains from increasingly frequent restoration projects. These issues present a challenge
for the compilation of extent accounts. They dictate a need to delineate salt marsh ecosystem boundaries on an
ongoing basis to capture extent changes, which may be possible through remote sensing (e.g., Lopes et al., 2020;
National Oceanic and Atmospheric Administration: Office for Coastal Management, n.d.). As such, regular updates
will be made to salt marsh extent accounts as new data are available.

\

%t

0 250 500 1,000 km
| L | |

Map 1
Canadian salt marsh extent, 2022
Boundaries Marine bioregions
5 =, Province/Territory 1. Strait of Georgia
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MNote: Data cover the period from 1995 to 2021.
Sources: Department of Environment and Local Government New Brunswick, 2021. Wetlands. GeoNB; Department of Fisheries and Oceans, 2016. Federal Marine Bioregions. Open

Data Canada; Department of Fisheries and Oceans, 2018. Marsh inventory in the Chaleur Bay, Estuary and Gulf of St. Lawrence. Open Data Canada; Environment and Climate Change
Canada, 2017. Atlantic shoreline classification. Open Data Canada; Environment and Climate Change Canada, 2017. North coast of British Columbia shoreline classification. Open Data
Canada; Environment and Climate Change Canada, 2017. Northern Canada shoreline classification. Open Data Canada; Environment and Climate Change Canada, 2017. Ontario
shoreline classification. Open Data Canada; Environment and Climate Change Canada, 2017. Québec - Saint-Lawrence river - shoreline classification. Open Data Canada; GeoBC,
2011. Shorezone observed habitat polygons. British Celumbia Data Catalogue; Land Information Ontario, 2009. Far North land cover (v1.4). Ontfario GeoHub; McOwen CJ, et al,
2017. A global map of saltmarshes (v6.1). Biediversity Data Journal 5: e11764; Ministére des Foréts, de |a Faune et des Parcs, 2017, Végétation du Nord québécois, Dennées Québec;
Nova Scotia Department of Natural Resources, 2018, Ecological Land Classification 2015. Nova Scotia Geographic Data Directory.
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Map 2
Canadian salt marsh extent by region, 2022

Boundaries Marine bioregions
17 Province/Territory 1. Strait of Georgia 8. Eastern Arctic
[ Marine bioregions 2. Southern Shelf 9. Hudson Bay Complex
3. Offshore Pacific 10. Newfoundland-Labrador
Salt marsh 4, Northern Shelf Shelves
O Salt marsh location 5 rctic Basin 11. Scotian Shelf
“ Salt marsh location 6. Western Arctic 12, Estuary and Gulf of
B Salt marsh area 7. Arctic Archipelago Saint Lawrence

Note: Data cover the period from 1995 to 2021,

Sources: Department of Environment and Local Government New Brunswick, 2021, Wetlands. GeoNB; Department of Fisheries and Oceans, 2016. Federal
Marine Bioregions. Open Data Canada; Department of Fisheries and Oceans, 2018. Marsh inventory in the Chaleur Bay, Estuary and Gulf of St. Lawrence.
Open Data Canada; Environment and Climate Change Canada, 2017. Atlantic shoreline classification. Open Data Canada; Environment and Climate Change
Canada, 2017. North coast of British Columbia shoreline classification. Open Data Canada; Environment and Climate Change Canada, 2017. Northern
Canada shoreline classification. Open Data Canada; Environment and Climate Change Canada, 2017. Ontario shoreline classification. Open Data Canada;
Environment and Climate Change Canada, 2017. Québec - Saint-Lawrence river - shoreline classification. Open Data Canada; GeoBC, 2011. Shorezone
observed habitat polygons. British Columbia Data Catalogue; Land Information Ontario, 2009. Far North land cover (v1.4). Ontario GeoHub; Mcowen CJ, et
al., 2017. A global map of saltmarshes (v6.1). Biodiversity Data Journal 5: e11764; Ministére des Foréts, de la Faune et des Parcs, 2017. Végétation du
Nord gquébécois. Données Québec; Nova Scotia Department of Natural Resources, 2018, Ecological Land Classification 2015. Nova Scotia Geographic Data
Directory.
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Table 1
Canadian salt marsh extent, 2022

Area Length Point
Marine bioregion km? km count
Strait of Georgia 95
Southern Shelf 78 .
Northern Shelf 635 7 .
Western Arctic . 382 5
Eastern Arctic . 2 1
Hudson Bay Complex 2,271 429 1
Newfoundland-Labrador Shelves . 171
Scotian Shelf 214 99 .
Estuary and Gulf of Saint Lawrence 309 214 3
Total 3,602 1,304 10

. not available for a specific reference period

Note: Polygon data cover the period 1995 to 2021. Polygon area, lines and point extents are distinct areas of salt marsh.

Sources: Department of Environment and Local Government New Brunswick, 2021. Wetlands. Retrieved January 28, 2022 from http://www.snb.ca/geonb1/e/DC/catalogue-E.asp; Department of
Fisheries and Oceans, 2016. Federal marine bioregions. Retrieved January 26, 2022 from https://open.canada.ca/data/en/dataset/23eb8b56-dac8-4efc-be7c-b8fal1ba62e9; Department of Fisheries
and Oceans, 2018. Marsh inventory in the Chaleur Bay, Estuary and Gulf of St. Lawrence. Retrieved January 28, 2022 from https://open.canada.ca/data/en/dataset/49d8622¢c-e42b-4d8a-840d-
¢50b10e710c6; Environment and Climate Change Canada, 2017. Northern Canada shoreline classification. Retrieved January 25, 2022 from https://open.canada.ca/data/en/dataset/1c61d457-4d03-
4£3a-9005-9aabb5a201bb; Environment and Climate Change Canada, 2017. North coast of British Columbia shoreline classification. Retrieved January 25, 2022 from https://open.canada.ca/data/
en/dataset/09051eee-c28a-4746-8033-8e85815f4c73; Environment and Climate Change Canada, 2017. Atlantic shoreline classification. Retrieved January 25, 2022 from https://open.canada.ca/
data/en/dataset/30449352-2556-42df-9ffe-47ea8e69691; Environment and Climate Change Canada, 2017. Ontario shoreline classification. Retrieved January 25, 2022 from https://open.canada.
ca/data/en/dataset/27515ccc-0cad-4f7d-b8ab-2a909090f128; Environment and Climate Change Canada, 2017. Québec - Saint-Lawrence river - shoreline classification. Retrieved January 25, 2022
from https://open.canada.ca/data/en/dataset/ba580518-59e8-4d1c-b3ef-41d2658e6965); GeoBC, 2011. Shorezone observed habitat polygons. Retrieved January 25, 2022 from https://catalogue.
data.gov.bc.ca/dataset/shorezone-observed-habitat-polygons; Land Information Ontario, 2009. Far North land cover (v1.4). Retrieved January 28, 2022 from https://geohub.lio.gov.on.ca/documents/
lio::far-north-land-cover/about; McOwen CJ, et al, 2017. A global map of saltmarshes (v6.1). Biodiversity Data Journal 5: €11764. Paper DOI: https://doi.org/10.3897/BDJ.5.e11764, Data retrieved
January 28, 2022 from DOI: https://doi.org/10.34892/07vk-ws51; Ministére des Foréts, de la Faune et des Parcs, 2017. Végétation du Nord québécois. Retrieved January 25, 2022 from https://www.
donneesquebec.ca/recherche/dataset/vegetation-du-nord-quebecois; Nova Scotia Department of Natural Resources, 2018. Ecological land classification 2015. Retrieved January 28, 2022 from
https://nsgi.novascotia.ca/gdd/

2.2 Condition

Using the SEEA-EA framework, a set of accounting variables was developed to describe salt marshes’ long
term ‘typical behaviour’ and show changes over time (United Nations et al., 2021). Following the SEEA-EA
ecosystem condition typology (United Nations et al., 2021), at least one variable in each category is proposed
here to comprehensively describe salt marsh condition (Table 2). These variables were selected according to
criteria outlined in Annex 5.1 of the SEEA-EA, which ensure the variables are conceptually appropriate, reasonably
feasible, comprehensive and parsimonious.

The chosen variables are described in this section to varying levels of detail. Ecological relevance, potential data
sources and methods, limitations and data gaps, and proposed options for metrics are discussed. Metrics may
also include suggested proxies where direct measurements are difficult or impossible to obtain. When applying
this framework, changes will be measured on a per-marsh basis as much as possible. As these accounts develop,
the variables and metrics herein may be aggregated into ecosystem condition indices.

When the accounts are produced, supplementary tables will also be presented which will assist with the interpretation
of ecosystem condition change. Supplementary tables will include data about positive and negative influences
on salt marshes. Data on relevant climate variables (e.g., air temperature, sea surface temperature and salinity,
precipitation, and days below freezing) and positive human modifications (e.g., invasive species management,
intentional salt marsh restoration or creation, Indigenous management practices and legislative protection) are
also to be included.
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Table 2
Proposed variables for salt marsh condition accounts, grouped by SEEA-EA ecosystem condition typology
Group Class Variable
A: Abiotic ecosystem characteristics ~ A1: Physical state Marsh surface elevation change (accretion, erosion, water channels, depressions)
Tidal hydrology
A2: Chemical state Salinity
Pollution
B: Biotic ecosystem characteristics B1: Compositional state Vegetation community patterns (dominant and invasive species, zonation)
Animal biodiversity (native and invasive species)
B2: Structural state Vegetation structure (stem density, biomass)
B3: Functional state Disturbance events (wrack, ice, herbivory)
C: Landscape level characteristics C1: Landscape and seascape characteristics Tidal barriers and restrictions

Surrounding land uses

Landscape configuration

2.2.1 Physical state

Physical state variables describe the abiotic (non-living) components of an ecosystem in a physical manner (United
Nations et al., 2021). For salt marshes, these include changes to marsh surface elevation and characteristics of
tidal flooding.

2.2.1.1 Marsh surface elevation change (accretion, erosion, water channels and depressions)

Several processes interact to determine whether marsh surface elevation relative to mean sea level increases
or decreases (French, 2019). Above ground, organic and inorganic materials (e.g., sediment and plant matter)
are deposited onto (termed accretion) or eroded from the marsh surface (Neubauer, 2008). Below ground,
decomposition and compaction occur, and roots and rhizomes contribute organic matter to the soil. These above
and below ground processes can also be affected by sea-level changes and climate change (Chmura & Hung,
2004; Reed, 1995). The relative importance of above and below ground processes varies among marshes.

In ideal conditions, salt marshes respond to coastal changes such as sea-level rise through landward migration
(horizontal growth) and accretion (vertical growth), which maintain an appropriate elevation relative to mean sea
level for vegetation’s survival when sediment availability is adequate (Butzeck et al., 2015; French, 2019). Landward
migration is captured in the extent account, while surface elevation changes resulting from accretion or erosion are
captured in the condition account.

Any changes in the processes that underlie accretion, such as changes in sediment supply (e.g., negative changes
from construction of coastal protection structures and sediment mining or positive changes from increased primary
production), can disrupt the balance and affect marsh topography and hydrology (Mudd, 2011; Schile et al., 2014).
These changes to marsh function in combination with accelerated sea-level rise, can result in worsened marsh
condition or loss of extent (FitzGerald & Hughes, 2019).

Marsh surfaces can also undergo localized surface changes such as expansion or erosion from the marine edge
(Gabet, 1998; Houttuijn Bloemendaal et al., 2021), and migration or infilling of channels and pannes (Hughes et
al., 2009). While expansion and erosion from the marine edge are captured in the extent account, migration and
infilling or channels or pannes are captured in the condition account. These types of changes to water channels
can affect the channel network configuration, impacting marsh hydrology and access by fish. Tracking these
marsh surface changes provides information on the persistence of marshes and can signal changes to ecological
functioning.
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To measure marsh surface change, digital elevation models (DEMs; digitized models of the Earth’s surface) are
needed. Ideally, DEMs would cover Canada’s entire coast, be collected long-term on a repeated basis and be of
adequate horizontal and vertical accuracy. DEMs can be produced from locally collected data or from satellite
data. Light detection and ranging (LiDAR) (Hladik et al., 2013), synthetic aperture radar (SAR) and interferometric
synthetic aperture radar (INSAR) instruments in particular show promise for DEM creation and surface elevation
change measurement (Da Lio et al., 2018). Local DEMs are costly to produce but are typically more accurate.
Creating DEMs from local or satellite data is difficult in salt marshes because of wet soils, dense vegetation and
intermittent flooding. Aside from elevation change over the entire marsh surface, several measures of channel
network configuration can be drawn from DEMs including, but not limited to, channel density and sinuosity (how
winding a water channel or network is), which may be a useful metric of condition.

As a starting point for ecosystem accounts, options for creating summary information of present salt marsh
elevations are being assessed. Over time, obtaining repeated DEMs will allow measurement of the rate of spatially-
explicit elevation change, which is a more useful metric for assessing marsh condition.

Proposed metrics:
¢ Total area within specified elevation ranges

* Proportion of marsh area or total marsh area with elevation change outside a specified normal range over a
period of time

¢ Number of marshes with average elevational change outside a specified normal range over a period of time
¢ Average elevation change (per unit area) relative to local sea-level rise estimate
¢ Channel network change (e.g., sinuosity, density)

2.2.1.2 Tidal hydrology

In salt marshes, tidal hydrology (specifically flooding) is intrinsically linked with the zonation of vegetation
communities (Pennings & Bertness, 2001), access by animals and maintenance as a wetland. In salt marshes,
three tidal hydrology characteristics are important: inundation duration (hydroperiod), inundation frequency and
flood depth. Marsh hydrology changes occur with sea-level changes, or with the construction or removal of tidal
barriers that stop or alter flooding (see section 2.2.6.1). Increases in flooding duration, frequency or depth can
result in salt marsh vegetation drowning, causing marsh loss (e.g., panne expansion, conversion to mudflat or
marine habitat) (Kirwan et al., 2010) and creating the potential for decreased carbon storage and sequestration
from loss of vegetation (Payne et al., 2019). Decreases in flooding duration, frequency or depth can allow terrestrial
vegetation to invade, causing conversion to terrestrial habitat (e.g., Smith & Warren, 2012). In the latter case, salt
marshes may also change from a carbon sink to a source (McLeod et al., 2011) as soils become more oxygenated
and decomposition rates increase. For these reasons, tracking marsh hydrology will help identify areas where plant
communities and marsh function are changing, or where extent is likely to be lost.

Characteristics of tidal hydrology can be measured using tidal height data with DEMs to create simple flood
models. Metrics describing tidal flooding can be created if the height of the tide relative to the height of the land is
known. Reconciling tidal heights with land elevations is difficult because land and tidal elevations use different zero
benchmarks, which also vary geographically. Ideally, a spatially-continuous tidal model that can be reconciled with
a land datum is needed to produce meaningful data reflecting salt marsh tidal hydrology at a national level. In the
absence of such a tidal model, use of data from the Canadian Hydrographic Service (CHS) may be an option. The
CHS collects tidal height data at a limited network of stations across Canada. However, these point measurements
are difficult to use in a spatially-explicit framework as they do not provide enough spatial coverage. Additionally,
they are typically measured on the open ocean, whereas salt marshes develop in estuaries and along sheltered
coastlines where tidal forces can be very different. At this time, options for producing meaningful statistics about
tidal hydrology using sea-level rise data are being explored.
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Proposed metrics:

¢ Proportion or total marsh area flooded with specified ranges of tidal heights

¢ |nundation frequency (percentage of high tides that cause flooding over a specified proportion of marsh
area)

¢ |nundation time (average number of minutes a specified proportion of marsh area is flooded per high tide/
day/other unit of time)

e Duration (total time (minutes/days) a specified proportion of marsh area is flooded over a time period like
year)

e Sea-level rise estimates over time

2.2.2 Chemical state

Chemical state variables describe the chemical composition of various parts of an ecosystem (United Nations et
al., 2021). Important chemical components of salt marshes are soil and water salinity, and pollution concentrations
in the soil and water.

2.2.2.1 Salinity

Salinity is a main abiotic characteristic linked to salt marsh structure and function (Butzeck et al., 2015; Pennings
& Bertness, 2001). Soil salinity levels vary among marshes and across a marsh’s surface depending on several
factors. These include local sea salinity, distance from open ocean, level of freshwater influence, tidal flushing, soil
type, evapotranspiration rates and precipitation (Odum, 1988; Wang et al., 2007). Many of these factors are also
seasonally driven.

Salinity influences vegetation communities, competitive dynamics and productivity in salt marshes (Cooper,
1982; Pennings et al., 2005). Salinity changes may also impact marsh functions or trigger conversion to other
habitat types. Previous research has also suggested that marshes at the lower and upper salinity ranges may be
disproportionately affected by sea-level rise (Craft et al., 2009). Monitoring salinity will signal marsh persistence
and changes to ecological functioning. This may be particularly important because climate change is impacting
factors controlling marsh salinity, including sea surface salinity (Gulev et al., 2021; Statistics Canada, 2021).

Salinity measurements can be taken in situ or can be modelled. Marsh salinity models may be created in the future
using some of the factors suggested at the beginning of this section. However, a lack of research on the topic,
and the complexity of processes underlying salinities make this presently unfeasible. Future advances in modelling
using SAR data may also prove promising for measuring soil salinities in salt marshes (Taghadosi et al., 2019).
At this time, sea surface salinity changes and select related climate variables will be used as a proxy for salinity
change within salt marshes.

Proposed metrics:
e Seawater salinity adjacent to marsh
¢ Average soil salinity in each zone
¢ Precipitation changes

2.2.2.2 Pollution

Several pollutants—substances that have a harmful effect on the environment—are known to negatively impact
salt marshes. These include, for example, nutrients transported into salt marshes in freshwater runoff from built-
up areas and agricultural environments (Cole, Kroeger, McClelland, & Valiela, 2006; McClelland & Valiela, 1998b),
oil from oil spills, and heavy metals from sedimentation (DeLaune et al., 1981) and precipitation (Watmough et
al., 2017). Salt marsh soils have the capacity to capture and hold pollution including some nutrients and metals,
performing important water filtration functions (Reddy et al., 2000; Valiela et al., 1997); however, increased pollutant
inputs can have negative impacts on salt marsh condition.
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Nutrient pollution alters the vegetation community (Levine et al., 1998) and vegetation growth (Langley et al., 2013)
in salt marshes because plant growth is typically limited by nitrogen and phosphorus availability (Broome et al.,
1983; Kiehl et al., 1997). Nutrient-enriched marshes may also be vulnerable to invasion by exotic species (Gedan et
al., 2009) and have decreased root production leading to soil erosion (Turner, 2011). Salt marsh vegetation can also
be indirectly and negatively impacted in areas where marine waters are nutrient-enriched or where algal blooms
are occurring (Newton & Thornber, 2012; Wasson et al., 2017).

Besides nutrient pollution, oil spills can cause long-lasting decreases in vegetation cover, causing cascading
impacts in the ecosystem (Mendelssohn et al., 2012). The presence of heavy metals has a lower direct impact
because salt marsh vegetation is tolerant to metal toxicity (Nikalje & Suprasanna, 2018). However, as the link
between terrestrial watersheds and the marine environment, salt marshes can release metal pollution (Gedan et
al., 2009; Weis & Weis, 2004) and nutrients (Page et al., 1995) into the marine food web. This process has impacts
on other coastal and marine habitats and on provisioning ecosystem services (McClelland & Valiela, 1998a; Valiela
et al., 2000). Quantifying pollution is important for understanding marsh condition and impacts on ecosystem
services and also is also relevant for policy and decision making.

Since pollution is human derived, it can feasibly be measured by tracking inputs of harmful substances into
the environment. Thus, measurement of this condition variable will draw on Canada’s National Pollutant Release
Inventory, a database of mandatory reports from select facility types tracking the release of many environmental
pollutants, and the National Aerial Surveillance Program, which monitors marine pollution spills. The list of
pollutants that will be monitored is based on the literature and expert opinion and will be updated as needed. Land
use and ecosystem condition in areas surrounding salt marsh may be included in this variable since they can affect
pollution inputs (e.g., presence and density of a vegetated buffer, adjacent industry releasing pollutants). These
issues are further discussed in section 2.2.6.2.

Proposed metrics:
¢ Pollutant load per unit area from runoff and from marine sources by pollutant type

e Cumulative number of pollution events by pollutant type over a time period (e.g., last year or last ten years),
including both marine and terrestrial pollution

¢ Algal bloom or eutrophication metrics within a unit of distance
¢ Quantifying surrounding land uses when direct measurements cannot be made (section 2.2.6.2)

2.2.3 Compositional state

Compositional state variables describe the communities of the biotic (living) components of an ecosystem (United
Nations et al., 2021). Vegetation communities and animal biodiversity are the important components of salt
marshes that fall under this category.

2.2.3.1 Vegetation community (dominant and invasive species, zonation)

Salt marsh vegetation plays an important role in the delivery of many ecosystem services (Ngulube, 2021;
Rabinowitz, 2020), supports biodiversity (Ziegler et al., 2021), and is linked to the persistence of the marsh over
time (Cahoon et al., 2020; Feagin et al., 2009). Vegetation communities are collections of plant species that live
together in a specific place. In a salt marsh, vegetation communities form zoned patterns parallel to the ocean
where each zone is dominated by one or two species, with other species intermixed in low abundances (Pratolongo
et al., 2019; Vince & Snow, 1984). This zonation occurs due to plant species’ salinity and flooding tolerance, and
their relative ability to compete for resources (Crain, Silliman, Bertness, & Bertness, 2004; Pennings et al., 2005).
This distinct zonation pattern is characteristic of mature, healthy salt marshes.

In Canada, salt marshes occur on every coast and display high variability in native vegetation species (MacKenzie
& Moran, 2004; Martini et al., 2019; Pratolongo et al., 2019). This variability in native vegetation is related to
underlying differences in abiotic conditions (Crain et al., 2004; Porter et al., 2015). As a result of this relationship,
vegetation communities may shift in response to climate change (Colombano et al., 2021).
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Despite outward differences in vegetation communities, ecological classifications typically group salt marshes
together as a single ecosystem type (e.g., Keith et al., 2020). There is little research exploring whether ecosystem
function and ecosystem service supply differs among salt marshes with varying vegetation communities. Some
studies have suggested that local vegetation species and community structures influence wave attenuation capacity
(Schulze et al., 2019; Vuik et al., 2018) and use by fish (Ziegler et al., 2021). Moving forward, more information on
these differences is needed to interpret the impact of vegetation community on ecosystem condition and related
ecosystem service changes.

Ideally, data for this variable would come from a national level survey of salt marsh vegetation (e.g., as done
in the United States, (United States Geological Survey National Wetlands Research Center, n.d.; United States
National Parks Service, n.d.)); however, this would be a massive undertaking. As a proxy, multispectral (Silvestri
& Marani, 2004; Sun et al., 2018) or SAR satellite imagery analysis (van Beijma et al., 2014) may allow zonation
pattern identification for use as a vegetation community proxy (Zhao et al., 2019). A practical drawback to the use
of remote sensing is that changes in zonation patterns may not always capture changes in salt marsh species
(e.g., if one zone is entirely replaced by an invasive species, the number of zones remains the same). A long-term
decrease in the number of vegetation zones or distribution of area among zones, however, may indicate changes
to or loss of salt marsh. Additionally, data specifically on rare or endangered species in salt marshes may be
available from Conservation Data Centres.

While native plant species are critical to marsh function, invasive plant species can outcompete native species
and in extreme cases completely overrun the marsh (Gallardo et al., 2015; Minchinton et al., 2006). This decreases
ecosystem condition and ecosystem service supply (Grout et al., 1997; Warren et al., 2001). Degraded marshes
may be vulnerable to invasion. For example, the non-native grass phragmites (Phragmites australis ssp. australis)
can take over in nutrient-enriched and disturbed marshes (Bertness et al., 2002; Ravit et al., 2007). There is a
considerable body of research on the negative impacts of phragmites in coastal marshes in North America (e.g.,
Meyerson et al., 2009; Weinstein & Balletto, 1999), but less research on other species that may invade salt marshes
in response to changing conditions.

Several other invasive aquatic and wetland vegetation species in Canada have the potential to displace native salt
marsh vegetation. These include purple loosestrife (Lythrum salicaria), an aggressive wetland invader tolerant to
brackish water that can be found widely across Canada (Invasive Species Centre, n.d.; Konisky & Burdick, 2005)
and yellow flag iris (Iris pseudacorus), which can invade salt marsh (Gerwing et al., 2021; Sutherland & Walton,
1990). On the West Coast, several aggressive Sporobolus spp. grasses (formerly Spartina spp.) introduced from
the East Coast (Harney, 2008; Saarela, 2012), as well as narrow-leaved cattail (Typha angustifolia) and blue cattail
(Typha x glauca) (Stewart, 2021) are negatively impacting salt marshes. According to the Conservation of Arctic
Flora and Fauna, there are few invasive species currently in the Arctic, but more are expected to arrive with climate
change (Conservation of Arctic Flora and Fauna, 2013).

To present data on invasive species, it is possible to compile a database of invasive species occurrence records
from internationally available datasets such as the Global Biodiversity Information Facility (GBIF)—a collection
of records from many sources including herbaria and citizen science from the early 1900s to present. There are
several limitations to using these data including that they provide biased spatial and temporal coverage. There
can also be issues with citizen science identifications which may be biased against less charismatic plant species.
More research is required to use this data effectively in salt marsh accounts.

Proposed metrics:

¢ Marsh vegetation community change over time, for example, measured by a diversity index (e.g., Shannon
index) and/or species richness

e Zonation pattern presence/absence
¢ Number of distinct zones
e Areain each zone

e Number of invasive species individual occurrences within a spatial unit (e.g., within marsh boundaries,
within a surrounding buffer zone, within an estuary)

¢ Number of invasive species within spatial unit
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2.2.3.2 Animal biodiversity (native and invasive species)

As in any ecosystem, animals play important functional roles in salt marshes and can be an indicator of ecosystem
condition (e.g., Silliman & Bertness, 2002; Vivian-Smith & Stiles, 1994). Salt marshes are used by a wide range of
species; however, since marshes alternate between periods of flooded and dry conditions, occupation of these
spaces by wildlife is often transient. Fish and crustaceans may occupy the marsh surface at high tide but swim out
with the receding tide (Ziegler et al., 2021). Smaller crustaceans and fish can also take refuge in wet mud or pannes
during low tide and can play a role in modifying salt marsh soils (Able et al., 2012; Pennings & Bertness, 2001).
Terrestrial animals use the marsh during low tide, for example, birds feed on invertebrates in the soils or directly
on plants (Pennings & Bertness, 2001; Roberts & Robertson, 1986), birds nest in the high marsh and pollinators
have been seen visiting salt marshes though further research is required to understand how pollinators use this
ecosystem (Roulston, 2021) (also see section 2.3.3.3 on pollination).

In contrast, invasive animals can negatively impact salt marshes. For example, the marsh snail (Littoraria irrorata)
grazes on marsh plants on the southern Atlantic Coast of the United States (Bertness et al., 2004) and the European
green crab (Carcinus maenas) causes marsh erosion and loss in Maine (Aman & Wilson Grimes, 2016). There is,
however, little to no research on this topic in Canada. Gaining an understanding of the animal biodiversity in
marshes over time will help to understand marsh condition.

Biodiversity indices have been created for coastal and marine ecosystems using global datasets such as IUCN
and GBIF (e.g., Eddy et al., 2021; Sievers et al., 2021); however, their creation requires an immense amount of
data and resources, limiting repeatability. Presently, ways to measure this variable on a national scale are being
explored.

Ideally, selected metrics will reflect the abundance and species richness of select native and invasive salt marsh
species. Their development will likely involve a literature review to create a comprehensive list of salt marsh species,
from which to identify focal species including: indicator species, keystone species, cultural keystone species,
economically important species, endemic species, at risk species, and specialist species. Data development will
rely on datasets from global sources (e.g., IUCN), provincial and territorial governments, federal government (e.g.,
Fisheries and Oceans Canada, Environment and Climate Change Canada, and Parks Canada), universities, and
non-governmental organizations (e.g., Conservation Data Centres).

Data may also be drawn from citizen science databases such as eBird and GBIF, although these data require
additional assessment and treatment to avoid biases inherent in them. A proxy for biodiversity associated with salt
marsh is under development which will integrate survey, citizen science, and range data. The use of alternative
approaches such as emerging eDNA (environmental DNA) technology (Thomsen & Willerslev, 2015; University
of New Hampshire, National Estuarine Research Reserve System, n.d.) would require further research and
establishment of monitoring programs.

Proposed metrics:

¢ Biodiversity index for animal species that use salt marsh and have a known range within a specified
distance from a salt marsh, incorporating information on importance of salt marsh habitat, conservation
status, and importance of that species (e.g., keystone species)

¢ Number of keystone, indicator, rare/endangered or otherwise important species individual occurrences
within a spatial unit (e.g., within marsh boundaries, within a surrounding buffer zone, within an estuary)

¢ Number of invasive species individual occurrences within a spatial unit (e.g., within marsh boundaries,
within a surrounding buffer zone, within an estuary)

¢ Number of invasive species within spatial unit

2.2.4 Structural state

Structural state variables capture properties of the ecosystem as a whole, or its major biotic components (United
Nations et al., 2021). In salt marshes, the structural state of the vegetation is the most important variable.
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2.2.4.1 Vegetation structure (stem density, biomass)

Salt marsh vegetation forms zoned patterns where each zone is dominated by one or two salt- and flooding-
tolerant species. These plants grow densely and are highly productive (Serrano, Kelleway, Lovelock, & Lavery,
2019). The vegetation’s physical structure (e.g., stem density and biomass) supports ecosystem functioning (e.g.,
Cahoon et al., 2020; Kearney & Fagherazzi, 2016) and ecosystem service supply.

The physical structure of salt marsh vegetation is linked to wave attenuation (Moller et al., 2014), shoreline
protection (Shepard et al., 2011), and marsh use by fish (Whitfield, 2017; Ziegler et al., 2021). Vegetation structure
also plays a role in carbon sequestration (Serrano et al., 2019; Tobias & Neubauer, 2019) and accretion (Gleason
et al., 1979; Mudd et al., 2010) as organic carbon (trapped through photosynthesis in plant matter) and inorganic
carbon (sediment trapped on plant stems) are incorporated into marsh soils over time. Dead plant matter is also
washed into nearshore environments with falling tides, providing nutrients for species that are prey for commercially
important fish (Janes et al., 2020; Valiela et al., 2000). Changes in the salt marsh vegetation structure resulting from
climate change or other external pressures would impact these processes, potentially causing loss of extent or
ecosystem service supply.

Vegetation indices (VIs) such as normalized difference vegetation index (NDVI, which indicates the ‘greenness’ of an
area in imagery) are commonly used to identify vegetated areas and measure characteristics such as biomass and
stem density (Eastwood et al., 1997; Xue & Su, 2017). They are simple to calculate using widely available satellite
or other aerial imagery (e.g., Ghosh et al., 2016). However, tidal flooding, standing shallow water, and bare ground
in salt marsh, as well as spatial and temporal variations in these characteristics, can affect calculations (Kearney
et al., 2009; Xue & Su, 2017). Authors have had success using NDVI to measure vegetation structure in salt marsh
(Hardisky et al., 1984; Lopes et al., 2020), but alternative Vis that are less sensitive to water and soil reflectance
are also used. These include the modified soil adjusted vegetation index, global environmental monitoring index
(Eastwood et al., 1997), wide dynamic range vegetation index (Ghosh et al., 2016; Gitelson, 2004) among others
(Miller et al., 2019). Some of these are not possible to capture with all types of remote sensing imagery.

Other options for measuring or modelling aboveground biomass or vegetation heights in salt marshes include using
DEMs and digital surface models (DSM; a model of the Earth’s surface that reflects vegetation, buildings, etc.),
where an early season DEM can be subtracted from a DSM taken at peak biomass to obtain vegetation height. In
addition, SAR has been used in coastal wetlands to estimate aboveground biomass relatively successfully (Jensen
et al.,, 2019).

In salt marshes specifically, obtaining data at an adequate spatial resolution to capture marsh size, shape and
vegetation zonation patterns is an additional complication. Biomass production and vegetation characteristics, for
example, can vary among vegetation species (Miller et al., 2019; Mo et al., 2018), within a species, and across the
marsh surface (Kirwan et al., 2009; Tobias & Neubauer, 2019). Previous research has suggested that measuring
vegetation structural characteristics using satellite imagery without accounting for vegetation zonation patterns
can be effective at a broad scale (Ghosh et al., 2016). An additional consideration is that VIs can reach a saturation
point in high-density vegetation (Gitelson, 2004), such as that in a salt marsh. Using one or more VIs, however, is
likely to give a reasonable indication of salt marsh vegetation structure. Presently, Google Earth Engine is being
used to calculate and compare several VIs from Sentinel-2 imagery to report on this condition variable. Over time,
more accurate measures of vegetation structure such as biomass may be produced through modelling efforts or
the use of multi-instrument techniques (e.g., Lumbierres et al., 2017; Mo et al., 2018). In addition, initial accounts
will also include climate variables that affect plant productivity, such as temperature and precipitation (Charles &
Dukes, 2009; Kirwan et al., 2009).

Proposed metrics:
¢ Total area within specified VI ranges over a period of time
¢ Proportion or total marsh area with VI change outside a specified normal range over a period of time
¢ Number of marshes with average VI change outside a specified normal range over a period of time
e Growing degree days
¢ \/egetation height
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2.2.5 Functional state

Functional state variables describe the interactions between different components of an ecosystem (United Nations
et al., 2021). For salt marshes, this includes describing disturbance events.

2.2.5.1 Disturbance events (wrack, ice, herbivory)

Natural disturbances are an integral part of salt marsh development and persistence over time. Specifically,
disturbances by wrack (mats of plant debris), herbivory (grazing by animals), and ice (formed on the marsh or in the
ocean) are common in salt marshes. Wrack and ice play an important role in accretion (Argow et al., 2011; Dionne,
1993) and vegetation dynamics (Ewanchuk & Bertness, 2003; Rabinowitz et al., 2022), and shape salt marsh
topography (Dionne, 1969). Ice build-up can also protect the marine edge of salt marshes from erosion caused
by waves. The magnitude, duration, and nature of ice and wrack disturbances are liable to change with climate
change because they are seasonal processes. For these reasons, tracking them in condition accounts is relevant.

Salt marshes are also subject to herbivory, particularly from geese. There is evidence of goose herbivory drastically
altering salt marshes along Hudson Bay and the West Coast of Canada because of changes in goose behaviour
and population size over time (Dawe et al., 2015; Jefferies et al., 2006). Herbivory pressure is likely to change in
response to climate change and the ongoing introduction of non-native species, potentially causing impacts on
salt marsh condition.

National-scale data exist for sea ice cover, but little to no data exist on other pressures described here. Climate data
such as temperature and length of the ice season will provide supplementary information on icing events with the
potential to cause disturbance in salt marshes. Methods for tracking wrack and herbivory, however, have not yet
been addressed. Remote sensing may be used in the future to gather information on these types of disturbances
in salt marsh (e.g., Jefferies et al., 2006), but this variable will be the subject of more research as accounts are
developed, particularly on the relationship between the presence of disturbing agents and actual impacts caused.

Proposed metrics:
¢ Area impacted by disturbance, by type of disturbance
¢ Number of events per year, by type of disturbance
e Number of days below 0° C
¢ Goose population numbers or other herbivore population numbers

2.2.6 Landscape and seascape

Landscape and seascape variables provide details about ecosystems at a coarse spatial scale and can incorporate
information about the surrounding lands. This section covers tidal barriers and restrictions, surrounding land uses,
and the configuration of salt marshes on a landscape scale.

2.2.6.1 Tidal barriers and restrictions

Humans have a long history of constructing hard coastal infrastructure, such as seawalls, to protect coastal
settlements and combat coastal erosion; however, coastal infrastructure can be damaging to adjacent
environments. Coastal infrastructure may be built at any distance from the marine edge, depending on its purpose
(e.g., causeways or dykes at the terrestrial edge and seawalls or revetments at the marine edge). It can also be built
in the water (e.g., breakwaters designed to protect from waves). These constructions can cause salt marsh loss
if built on top of a marsh or if they restrict or prevent tidal flooding (e.g., in the case of dykes or improperly sized
culverts) thereby partially or fully converting marsh into terrestrial or freshwater habitat (Heery et al., 2017; Smith &
Warren, 2012). The conversion of salt marsh to terrestrial land, which may subsequently be used for other purposes
such as agriculture, is a major cause of tidal wetland loss in Canada (Bowron et al., 2012; Gedan et al., 2009).
Additionally, infrastructure (e.g., roads, coastal development) can block landward migration of salt marsh (i.e., limit
natural adaptability to sea-level rise—termed coastal squeeze (Doody, 2004)), eliminate transitional habitat at the
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terrestrial edge and marine edge of a marsh, and contribute to habitat fragmentation at the landscape scale (Dugan
et al., 2011; Leo et al., 2019).

Infrastructure along the coast is also known to impact the condition of nearby salt marshes. Coastal infrastructure
affects natural coastal erosional and sedimentary processes, as well as hydrology at the local and landscape
scales. This can cause salt marsh degradation and loss (Bozek & Burdick, 2005; Dugan et al., 2011). Coastal
construction can also introduce invasive species to salt marshes (Currin, 2019).

These effects all contribute to well-documented changes in animal behaviour (Klein et al., 2011; Peterson & Lowe,
2009) and decreases in coastal and nearshore biodiversity, having a negative effect on salt marsh plants and
animals (Partyka & Peterson, 2008; Peterson et al., 2000). These impacts on salt marsh extent and condition,
and the direct links to policy and decision-making make this a valuable condition variable to include in salt marsh
accounts.

At this time, existing datasets that include the locations of coastal infrastructure are being gathered. Moving
forward, an assessment of tidal restrictions (location and level of restriction) and a register of new constructions
affecting coastal wetlands, along with details on the area affected by existing and new barriers would be useful
to integrate into this work. Since coastal infrastructure can affect salt marsh at the landscape scale, appropriate
spatial boundaries by which to measure this variable are needed. In addition, future consideration may be given
to ‘green’ or ‘hybrid’ coastal infrastructure that harnesses natural ecosystems (e.g., built salt marshes) or that
combines ecological elements with traditional hard elements to provide coastal protection (Currin, 2019; Sutton-
Grier et al., 2015).

Proposed metrics:

¢ Number of tidal barriers and their level of tidal restriction (full or partial) within a spatial unit

¢ Number or length and type of coastal infrastructure within a buffer zone around marsh or a larger spatial
unit

¢ Area of impacted salt marsh behind tidal barrier or restriction

¢ Quantifying surrounding land uses when direct measurements cannot be made (section 2.2.6.2)

2.2.6.2 Surrounding land uses

Land uses surrounding salt marshes are connected to several pressures on marsh condition. Tidal barriers and
coastal infrastructure, as discussed in section 2.2.6.1, present barriers to the natural landward migration of salt
marshes as an adaptation to sea-level rise, can cause excessive erosion, influence coastal dynamics, and limit
habitat connectivity (Dugan et al., 2011; Peterson & Lowe, 2009).

Built-up areas and agricultural land uses are associated with pollution and invasion by exotic species (King et al.,
2007; Silliman & Bertness, 2004), as discussed in sections 2.2.2.2 and 2.2.3.1. They can also contribute to the loss
of salt marshes that become sandwiched between rising seas and built-up areas (Leo et al., 2019). Surrounding
built-up areas and agricultural land uses can also impact salt marsh vegetation, salinity, hydroperiod, and water
table (Alvarez-Rogel et al., 2007) and are associated with decreased animal diversity and abundance (King et al.,
2005; Morley et al., 2012). For these reasons, salt marshes that are surrounded by human-modified landscapes
are more likely to be in poor condition with modified ecosystem service supply.

The first iteration of this variable will be measured using existing national and/or global land use and land cover
datasets (e.g., Agriculture and Agri-Foods Canada, 2018; Statistics Canada, 2021). Simple calculations of the area
in various land cover categories (e.g., natural, built-up areas, agriculture, mixed) within a specified distance from
salt marsh boundaries will be calculated for this variable.
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Proposed metrics:

e Area or proportion of land uses within a spatial unit (e.g., within marsh boundaries, within a surrounding
buffer zone, within an estuary), by type

¢ Length of average number of roads within a spatial unit, by classification (e.g., highway, local road, etc.)
¢ Distance to nearest infrastructure
¢ Population density within a spatial buffer zone

2.2.6.3 Landscape configuration

Landscape configuration can be taken as the spatial configuration of marsh patches at the local and landscape
scales. This configuration can influence marsh condition and ecosystem service supply. Marsh shape, size, length
of marine edge, and relative location of marsh along the coast are all part of the landscape configuration and
can impact marsh functioning (e.g., French, 2019; Wu, 2019). Marine edge is a particularly important habitat
as it is the connection between marsh and the marine environment (Minello et al., 1994; Ziegler et al., 2021). In
addition, marshes in closer proximity to other intact marine habitats, including other marshes, have been shown to
contain higher animal biodiversity (Litvin et al., 2018; Partyka & Peterson, 2008). Landscape configuration is also
associated with a salt marsh’s sea-level rise adaptation capacity (Wu, 2019).

Measurement of landscape configuration can be performed using relatively simple spatial calculations in
geographic information systems (GIS) software based on extent data. One major complication with this approach
is that current extent datasets do not accurately reflect tidal channels (edge habitat) within salt marsh—this will
require consideration before completing these analyses. Additional measures of landscape configuration may
also be produced in the future using software such as Fragstats (McGarigal & Marks, 1995), which analyzes aerial
imagery for spatial patterns.

Proposed metrics:

¢ Average marsh size within a spatial unit

Average distance to nearest marsh within a spatial unit

Area to edge ratio
e Connectivity metric (e.g., Connectance Index in Fragstats)

2.2.7 Reference condition

The SEEA-EA recommends establishing a reference condition for ecosystems as a comparison point to determine
relative condition over time (United Nations et al., 2021). This reference condition should exemplify an ‘ideal’ or
‘healthy’ state. Typically, reference conditions are selected based on the conditions from a historical point in time
or from an area that is largely unmodified by humans. This selection can be difficult for salt marshes for multiple
reasons.

In Eastern Canada, salt marshes were some of the first lands modified by colonial settlers. Since then, salt marshes
have been ditched, drained, grazed by livestock, and otherwise destroyed across North America (Bertness et al.,
2004). In some cases, these modifications are maintained, and in others they have been abandoned. Salt marshes
may re-develop in areas where modifications have been abandoned, but functions may be altered due to past
modifications. This makes identifying un-modified reference marshes or marshes that have been un-modified long
enough that they have returned to a ‘natural’ state difficult, particularly when data from salt marshes in general are
lacking.

Statistics Canada — Catalogue no. 16-001-M2022001



Valuing the Salt Marsh Ecosystem: Developing Ecosystem Accounts

Data from salt marshes are less available for remote areas of Canada including the Arctic, where there is likely
considerable salt marsh extent beyond what is currently mapped. This geographical bias complicates the
identification of reference conditions or reference marshes across the country, especially considering the inherent
variation in characteristics, for example, salinity, across the country. Additional variation in marsh characteristics
on smaller spatial scales (within a marsh, within an estuary) make it even more difficult to adopt reference values
that reflect these nuances.

At this time, data from salt marshes that have been protected for at least a decade will be used to determine
reference conditions, with a focus on historically un-modified marshes where possible. Canada has a spatially-
explicit database of protected salt marshes that is relatively large and includes areas of protected marsh in most
regions of the country, which will enable geographically-explicit comparisons of salt marsh condition. These
marshes will provide the closest possible measure of ‘natural’ salt marsh condition. A limitation of this approach is
that climate change is already impacting salt marshes. As extent data improves, it is possible that a new approach
for measuring reference condition will be needed in areas where data are currently lacking.

2.3 Ecosystem services

Ecosystem services are broadly defined as the ecosystem contributions to the benefits that humans gain from the
natural environment. Accounting for ecosystem services is a key part of the SEEA-EA framework (United Nations
et al., 2021) as this process links the extent and condition of ecosystems with their capacity to provide services
on which humans rely. Ecosystems with healthier condition provide more services than ecosystems which are in
poor condition or degraded.

The SEEA-EA framework categorizes ecosystem services into three main groups: provisioning, regulating
and maintenance, and cultural (United Nations et al., 2021). Services are provided by ecosystems and have a
beneficiary. Beneficiaries can be a local or global population or another ecosystem. Services are final services if
humans benefit from them, and intermediate or supporting if another ecosystem or species benefits from them.

Ecosystem services provided by salt marshes are presented in the following sections, with a description and
potential data sources and methods. Logic chains describing the inputs, beneficiary and use of each service
are presented in Table 3. Several of these services are difficult to measure directly and in these cases the use of
proxies is discussed. Measurement of some services requires methodological development or data that are not
currently available—data gaps will therefore remain in the initial accounts.

Services can be measured in both physical (e.g., fishery landings in tonnes) and monetary terms (e.g., fishery
landings measured by dollar sale value) (United Nations et al., 2021). Monetary values are used to link to policy
decisions and the system of national accounts. This paper, however, concentrates on physical measurements
of services, using monetary methods only where data on physical flows is unobtainable. Monetary valuations
of services will be developed at a later stage, bearing in mind that these will change not only due to ecosystem
change but also due to variability in the economy.
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Figure 2
Salt marsh ecosystem services

Regulating services
Climate regulation

Coastal flocding and
erosion protection

Sea-level rise protection
Water purification
Habitat provision
Pollination

Cultural and non-use services
Education
Recreation and tourism
Spiritual and sense of place
MNon-use

Provisioning services
Wild food harvest
Medicine and cultural harvest

2.3.1 Provisioning (wild harvest, raw materials)

Provisioning services result from extracting or harvesting biomass from ecosystems. They are the most obvious
way that humans benefit from ecosystems around them. The harvest of food, raw materials, medicinal ingredients,
and cultural or decorative items fall under the category of provisioning services and they can be measured by the
physical amount of material extracted (including all wastage).

Several food species, both plant and animal, are harvested from salt marshes across Canada. Glasswort
(Salicornia spp.), known by many common names including pickle weed, sea asparagus, samphire greens and
“titanes de souris,” is harvested from salt marshes around the world. It is occasionally found in grocery stores,
community markets, specialty online food stores and restaurants when in season (Clapson, 2014). Seaside plantain
(Plantago maritima), orache (Atriplex spp.) and sow thistle (Sonchus spp.) are also harvested from salt marshes
for food in Canada (Cohen, 2018). Additionally, Springbank clover (Trifolium wormskioldii) and Pacific silverweed
(Potentilla egedii) were traditionally harvested as root vegetables from salt marsh by First Nations including the Nuu-
chah-nulth and Kwakwaka’wakw. These First Nations were known to manage salt marshes to increase production
of these plants (Turner et al., 2013).

Recreational fishing, clam digging, and waterfowl and game bird hunting also frequently take place in salt marshes
(Environment and Climate Change Canada, 2020; Environment and Climate Change Canada, 2021). Historically,
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the Mi’kmaq First Nation collected shellfish in salt marshes, as shown by piles of periwinkle and other shellfish
remains (Nova Scotia Museum, 2020).

Salt marsh plants are also harvested for purposes other than food, including for medicinal, cultural and decorative
purposes. Sweetgrass (Anthoxanthum spp.), an extremely important plant in many Indigenous cultures across
Canada, grows in salt marshes across the country (Tiner, 2009). Mi’kmaq people harvest sweetgrass from salt
marshes on the East Coast for medicinal purposes, along with sea lavender (Limonium carolinianum) and cattails
(Typha spp.) (Sherren et al., 2021). Cattail leaves and stems are used to make a number of items, from baskets
and bags to paper and cloth while sea lavender is also known to be harvested for floral arrangements (Baltzer et
al., 2002).

It is difficult to track the total harvest of food and materials, as these harvesting activities are frequently subsistence
based and have limited commercial sales. As a specialty item, prices for glasswort ranged from $12 to $20 per
pound in 2015 (Langford, 2015), with similar prices at online shops in 2022. Data on Canadian grocery store sales
of glasswort are collected, though the values are currently unpublishable due to confidentiality requirements. Other
foods harvested from salt marsh are rarely sold through grocery stores, making collection of sales data difficult.
Current surveys undertaken on recreational fishing are unable to provide the required data as the detailed location
of catch is not collected, making it difficult to attribute these data to a particular ecosystem. Harvests for medicinal
and cultural purposes are also very difficult to measure.

In the future it may be possible to measure wild provisioning from salt marshes and other ecosystems using
crowdsourcing, surveys of foraging habits, and Indigenous engagement. For both foraging and fishing, collecting
social media images that were labelled and geotagged could indicate which salt marshes are used for provisioning.
There are, however, inherent risks to using crowdsourced and social media data due to participation bias.
Proposed metrics:

e Harvested biomass

Sales of harvested plants or animals

Crowdsourcing or surveying to establish provisioning harvested biomass

Counts of geotagged social media posts involving harvesting in salt marshes

2.3.2 Regulating

Regulating and maintenance services result from an ecosystem’s ability to influence and regulate biological
processes, climate, and hydrological and biochemical cycles to maintain environmental condition (United Nations
et al., 2021). These services are plentifully supplied by salt marshes, benefitting local and global beneficiaries. This
group of services includes services such as climate regulation, coastal flood protection, and erosion control.

2.3.2.1 Climate regulation

The role of salt marshes in global climate regulation through carbon storage and sequestration has only been
valued relatively recently. The dense root structure and slow decomposition rates in salt marshes make them ideal
for long-term carbon storage (Connor et al., 2001). Based on global average carbon sequestration rates (McLeod
et al., 2011) known Canadian salt marsh ecosystems may sequester as much as 785 kilotonnes of carbon per year.

Carbon storage and sequestration (the process by which carbon is captured) capacity vary considerably among
marshes given the plant community variability within and among salt marshes (see section 2.2.3.1). As such,
carbon storage and sequestration in accounts will be presented using regional estimates where possible (e.g.,
Clayoquot Sound (Chastain, 2017), Boundary Bay (Gailis et al., 2021), Bay of Fundy (Connor et al., 2001)). As the
accounts develop, ecosystem service modelling platforms and more sophisticated modelling techniques using
national data will be used to build on these simple regional estimates.
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Salt marshes also provide microclimate regulation services by affecting local weather patterns through
evapotranspiration (United Nations et al., 2021). However, given that salt marshes are usually close to open ocean
areas, it is expected they have a minor impact on local climate in comparison to the ocean. Salt marsh along
brackish rivers and at the ends of fjords may play a more significant role in the microclimate, but this is an avenue
for future research.

Proposed metrics:

¢ Measured or modelled carbon sequestration and storage rate multiplied by area

2.3.2.2 Coastal flooding protection

Coastal flooding resulting from storm surge is expected to be exacerbated with the increasing frequency and
intensity of storms over this century (Lemmen et al., 2016). This poses a risk to coastal communities, infrastructure
and economically valuable land within the coastal zone. Recent studies have found that coastal marshes could
decrease flood depths by 15% and save the same proportion of flood damage costs, saving millions of dollars
(Narayan et al., 2017; Rezaie et al., 2020).

Ideally coastal protection services would be measured by the reduction in the area of built-up or managed
ecosystems impacted by flooding. A marsh’s ability to attenuate waves, thereby reducing the energy and height of
waves, gives a good indication of its capacity to reduce flooding. There are several studies on salt marsh’s ability
to attenuate waves and storm surge over the width of a marsh (Mdller et al., 2014; Ngulube, 2021; Rezaie et al.,
2020; Trégarot et al., 2021). However given the large differences in vegetation community and structure among
salt marshes (sections 2.2.3.1 & 2.2.4.1), a wave attenuation value can not be assumed based solely on the width
of a marsh.

Thus, rather than supplying only modeled results based on marsh width, measurement will focus on variables that
impact salt marsh’s ability to attenuate waves (service supply), as well as the demand for this service. Variables
impacting wave attenuation include marsh shape, size, vegetation community and structure, topography and wind
sheltered status (Moller et al., 2014; Ngulube, 2021; Rezaie et al., 2020; Trégarot et al., 2021; Willemsen et al.,
2020). These variables may be combined to form an indicator of potential protective ability.

Marsh width is a known factor in the ability of the marsh to provide protective services (Moller et al., 2014), and it is
logical that length of the marsh marine edge will also impact the amount of protection a marsh can provide. Wind
sheltered marshes have a higher capacity to attenuate waves (Willemsen et al., 2020) thus data on average wind
speed and direction during storm season will be included in measuring this service.

Within a marsh, different vegetation species have unique stem flexibility, causing varying levels of friction and
varying capacity to slow waves (Barbier et al., 2013). High stem density provides wave attenuation, thus vegetative
index values will be included as a reflection of the vegetation structure (Thornton et al., 2019) as described in
section 2.2.4.1. Topography within the marsh will also affect the wave attenuation capacity, as marshes which
are segmented by large channels and pannes enable surge to travel farther inland (Barbier et al., 2013). With high
resolution DEMs the proportion of marshes with these low elevation features can be estimated (section 2.2.1.1);
however, suitable DEMs may not be available for all areas of the salt marsh.

The level of demand for the protection service will be measured by assessing the land area and type, population,
building count and amount of infrastructure within the potentially impacted area that could be impacted by
maximum historic storm surge height. Environmental factors such as wind exposure, wave properties and storm
seasonality and frequency could be used to modify the potentially impacted area.

Using measures of potential protection and demand for protection described here, an indicator for flood protection
services can be created for use in the accounts. The coastal vulnerability indicator detailed in INVEST (Sharp et al.,
2020) and Chaplin-Kramer et al., (2019) is an example of this type of indicator.
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Proposed metrics:

¢ Supply: Indicator including length, width, wind exposure, VI, continuity of vegetation and topography of
marsh.

¢ Demand: Human population, infrastructure and land type at elevations within maximum storm surge height
with consideration for local climatic and hydrologic conditions

2.3.2.3 Coastal erosion protection

Salt marshes also improve coastal stabilization, which can decrease the rapid coastal erosion occurring across
Canadian coasts as a result of climate change (National Research Council, 2007). Due to their dense plant
structure, marshes accrete sediment to increase in height and width over time if not prevented from doing so by
manmade structures (sections 2.2.1.1 & 2.2.6.1). In addition, plant roots stabilize the soil by physically binding it
together and contributing organic matter that increases soil cohesion (Feagin et al., 2009; Van Eerdt, 1985). Salt
marshes also reduce wave energy and thus erosive capacity (Moéller et al., 2014). Estimating prevented erosion
is very difficult without local data, thus a similar approach to measuring coastal flood protection will be taken. An
indicator composed of a suite of variables will be created as a proxy. These variables include marsh marine edge
length, width and functions of vegetation index (VI) values, which determine the supply of the service. Demand
for the service (susceptibility of adjacent land to erosion) can be determined by measuring population, land use
and amount of infrastructure in areas adjacent to salt marshes, as well as the substrate type and wind and wave
exposure of this area.

Proposed metrics:

¢ Supply: Indicator of marine edge length, width, soil type and functions of VI
¢ Demand: Human population, infrastructure and land use within a specified distance of salt marsh

2.3.2.4 Sea-level rise protection

Salt marshes can provide protection against the impacts of sea-level rise, such as increased flooding and erosion
as described in the previous two sections. If marshes can accrete sediment faster than the local rate of sea-level
rise and increased tidal amplitude, they will protect land behind them from the impact of higher sea-levels and
avoid the need for costly infrastructure projects or population migration. Even with slower accretion they will
increase the time before adjacent land is flooded permanently. As described in section 2.2.1.1, DEMs allow for a
rough estimation of marsh accretion rates. Where turbidity data exists, this will also give an indication of availability
of sediment for accretion in salt marshes. The demand for this service can be measured using local projected end-
of-century sea-level rise estimates combined with the population, infrastructure and land types at elevations lower
than projected sea-level rise. Note that although salt marshes may also protect populations as they grow inland,
this will be measured as extent change, rather than a protective service provided by the marsh.

Proposed metrics:

¢ Supply: Rate of change in marsh elevation in comparison to sea-level rise and availability of sediment in
water.

¢ Demand: Human population, infrastructure and land type within area at risk from sea-level rise

2.3.3 Intermediate regulating

Intermediate, or supporting services, are those services for which the beneficiary is another ecosystem or
species. These intermediate services lead to improved final services supply, and are critical to the maintenance of
environmental health. Salt marshes provide many important intermediate services, supporting both terrestrial and
marine ecosystems.
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2.3.3.1 Water purification

Salt marshes can filter agricultural and built-up area runoff and prevent this runoff from reaching other ecosystems.
Salt marshes filter excess nutrients in runoff (Valiela et al., 2000) and prevent eutrophication of nearshore areas
(Nelson & Zavaleta, 2012), though the ability to provide this service may vary seasonally (Sousa et al., 2012). The
ability to provide this service depends on factors including vegetation structure (Nelson & Zavaleta, 2012), length
of exposure to elevated nutrient levels (Deegan et al., 2012) and marsh age (Sousa et al., 2008)

Salt marshes can also reduce sediment levels and turbidity in nearshore waters through their sediment capture
functions (Endresz, 2020). Drawing on the pollution condition variable’s data (section 2.2.2.2), marsh’s potential
exposure to pollutants will be determined and combined with other physical information including soil characteristics
and VI to create a water filtration indicator. Seasonal aspects, age of marsh, and vegetation type will be more
difficult to assess at a national level, and will not be included in a first account.

Proposed metrics:

e Demand: Metrics as explained in section 2.2.2.2
» Pollutant load per unit area from runoff and from marine sources by pollutant type

» Cumulative number of pollution events by pollutant type over a time period (e.g., last year or last ten
years), including both marine and terrestrial pollution

» Algal bloom or eutrophication metrics within a unit of distance
» Quantifying surrounding land uses when direct measurements cannot be made (section 2.2.6.2)

¢ Supply: Indicator of soil type and depth and VI

2.3.83.2 Habitat provision

Salt marshes provide important habitat for many species, both terrestrial and marine. For some of these species
a salt marsh is an essential habitat for part of their life cycle and cannot be replaced. Through providing habitat
for these animals, salt marshes support biodiversity and environmental health, and support final services such as
fishing, recreation, and sense of place.

Many small fish use the channels and pannes found in marshes as a nursery habitat. These include striped
bass (Morone saxatilis), herring (Clupea harengus), American eel (Anguilla rostrata), gaspereau/alewife (Alosa
pseudoharengus), mummichog (Fundulus heteroclitus) and possibly juvenile American lobster (Homarus
americanus) (Able, et al., 2012; Sherren et al., 2021). As these species age, they can become prey to fished
species, or become available to recreational and commercial fisheries themselves.

Though data on catches from recreational fishing are not available, it is possible to estimate the contribution to
commercial fisheries from the portion of the lifecycle spent in a salt marsh. Ideally juvenile fish density data in
different ecosystems (salt marsh, seagrass, un-vegetated coastline) could be used to infer the contribution of
different ecosystems to the fishery following the work by Janes et al. (2020). These data are not presently available,
thus the idea of a residency index can be used instead (McCormick et al., 2021). An estimate of the contribution
of salt marsh to the fishery can be created by attributing a percentage of the total weight of fish recruiting to the
fishery equal to the percentage of available nursery habitat that is salt marsh, using the assumption that natural
mortality rates are equal across all nursery habitats (Deegan et al., 2002). This idea of a residency index could also
be expanded to the time spent as an adult in different ecosystems to give the entire life cycle impact of a particular
ecosystem.

There are also certain butterflies and birds that rely on salt marshes such as the salt marsh copper butterfly
(Lycaena dospassosi), Nelson’s sharptailed sparrow (Ammospiza nelsoni), coastal plain swamp sparrow (Melospiza
georgiana subsp. nigrescens), willets (Tringa semipalmata) and American black duck (Anas rubripes) (Benoit &
Askins, 2002; Nature Conservancy Canada, n.d.; Yerkes, n.d.). This habitat provision can lead to various final
services such as provisioning through hunting, cultural services of recreation and well-being in the surrounding
area, and pest control. Geographically explicit population estimates for each of these species would be an ideal
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measure of habitat provision. However, as these do not exist for many of these species, this service will be
measured using the same metrics as the animal biodiversity condition section (section 2.2.3.2).

Proposed metrics:

¢ Fishery nursery supply: Recruitment weight to commercial fisheries proportional to the nursery area that is
salt marsh

¢ Metrics from section 2.2.3.2 on native animal biodiversity

» Biodiversity index for animal species that use salt marsh and have a known range within a specified
distance from a salt marsh, incorporating information on importance of salt marsh habitat,
conservation status, and importance of that species (e.g., keystone species)

» Number of keystone, indicator, rare/endangered or otherwise important species individual
occurrences within a spatial unit (e.g., within marsh boundaries, within a surrounding buffer zone,
within an estuary)

2.3.3.3 Pollination

Salt marshes have not traditionally been considered to supply pollination ecosystem services since many salt
marsh plant species are wind pollinated (Sherren et al., 2021). However, new work suggests pollinators do use
salt marshes (Roulston, 2021). Bumble bees (Bombus spp.) and leafcutter bees (Family: Megachilidae) have been
found visiting salt marshes in the Bay of Fundy while insect pollinated plants were flowering. These pollinators
were also seen visiting flowers of prairie cordgrass (Sporobolus michauxianus). The same study also found that
leafcutter bees removed leaves from prairie cordgrass, probably for nest building. On the West Coast, there is
additional evidence of opportunistic usage of salt marshes by bumble bees (Bombus terricola) (Pojar, 1973). Other
insects that use salt marshes such as butterflies, flies and mosquitos may also provide some pollination services
(Peach & Gries, 2016). These lines of evidence suggest that salt marshes may support pollinator communities and
provide pollination services.

The proportion of wild pollination supply attributed to salt marsh will be measured as the proportion of natural and
semi-natural area that is salt marsh within 2 km (a typical bee maximum flight distance) of pollination dependent
crops. As pollinators will use closer areas more frequently, a decay function based on distance will be used. It
may also be possible to create an indicator of pollinator ecosystem suitability, which could be used to adjust the
estimated proportion of pollination supply from each ecosystem. Demand for pollination will be measured using
the area of agricultural land growing pollination dependent crops (Chaplin-Kramer et al., 2019) across the country.

Proposed metrics:

e Supply: Proportion of natural and semi-natural ecosystem area that is salt marsh within a 2 km buffer of
pollinator dependent crops (weighted with a decay function and potentially adjusted for pollinator suitability
of surrounding ecosystems)

¢ Demand: Area of agricultural land growing pollinator dependent crops across the country

2.3.4 Cultural and non-use

Cultural services involve experiencing and appreciating ecosystems either directly or indirectly (United Nations
et al., 2021). These include educational, recreational, cultural and non-use services. A visitor to a salt marsh may
experience several cultural services at the same time. For example, they may read an educational sign, enjoy
a recreational activity such as hiking or fishing and feel a sense of well-being from spending time in a healthy
ecosystem.
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2.3.4.1 Education

Salt marshes can provide educational services in several ways. Interpretative signs and guided tours in marsh
areas allow visitors to learn about the ecosystem and native species. Researchers studying salt marshes are
benefiting from educational services, as well as passing on those services through publications and lectures.

Although it is difficult to estimate the educational services provided by salt marshes, they can be estimated using
a combination of factors. For example, an indicator based on the number of researchers who work on aspects of
salt marshes, the number of research grants provided by government and other organizations, published scientific
papers and student theses as well as the number of education programs and maintained walks centered on the
ecosystem could be used in the accounts.

Proposed metrics:

¢ Indicator including count of salt marsh researchers, research grants, published papers and student theses
and count of maintained salt marsh walks and education programs

2.3.4.2 Recreation and tourism

Recreation and tourism services are also provided by salt marshes when they are used for activities such as fishing
or bird watching. These types of activities may best be estimated using visit statistics for areas where visits are
monitored. For instance, visits to salt marshes in national parks can be estimated using park visits proportionate
to area of salt marsh in the park. However, recreational and tourism services are more difficult to measure at salt
marshes outside parks.

One option for measuring these services outside parks is to use data from citizen science sites such as GBIF, eBird
and iNaturalist, where the public can post species observations. Instagram or other social media sites may also be
useful (Chen et al., 2020). There are, however, difficulties in using these data types for statistical accounts. There
are inherent biases in the data as not all users of a salt marsh will post details online. These data should be used
with caution, particularly for statistics comparing different uses or users.

Aside from these options, potential recreational use can be measured using a decay function over the distance
from a populated area and accessibility (e.g., presence of roads), following models used in two recent studies
(Capriolo et al., 2020; Mitchell et al., 2021). Similarly, potential recreational uses for tourists will include the amount
of accommodation in the marsh accessible area.

Proposed metrics:

¢ Park visitor numbers, area weighted for salt marsh

¢ Visit counts from citizen science sites

¢ Post counts from geotagged and labelled social media

¢ Potential to supply recreation services measured using road access and distance from populated areas

¢ Potential to supply tourism services measured using road access and distance from tourist accommodation

2.3.4.3 Spiritual and sense of place

Salt marshes may also provide spiritual and mental health services for Canadians through their existence and use.
For instance, knowing that the coast close to your community is healthy and can protect you from harm provides
this beneficial service. Additionally, walking in nature (e.g., forest bathing) has been shown to reduce stress (Hanson
et al., 2017). In these cases, healthier marshes are likely to improve service supply. Thus, an accessibility indicator
(section 2.3.4.2) combined with an indicator of overall marsh condition will provide an estimate of this service.

Spiritual services and sense of place services unique to Indigenous peoples are also provided by salt marshes. Salt
marshes are an important ecosystem for Indigenous nations, including the Mi’kmagq in Atlantic Canada (Sherren

Statistics Canada — Catalogue no. 16-001-M2022001




Valuing the Salt Marsh Ecosystem: Developing Ecosystem Accounts

et al., 2021) and several nations on the West Coast (Turner et al., 2013) as discussed in section 2.3.1. The cultural
value of salt marshes to Indigenous nations is something that cannot be measured without Indigenous engagement.

By their very nature, these well-being services are extremely difficult to measure as they are intangible and often
overlap with other types of services (e.g., provisioning services such as foraged foods). A further complication
is that an ecosystem’s value varies among individuals and population distinctions. Thus, age and ethnicity, as
well as other social markers, may play a role in the level of service a particular ecosystem provides. To reflect
this, whenever possible, the population demand component for the service will be disaggregated. The potential
to supply spiritual and sense of place services will be measured in the same manner as the potential to supply
recreational services (section 2.3.4.2) using the proximity of road access and populated areas.

Proposed metrics:

¢ Supply: Condition indicator with further metrics after consulting key user groups

¢ Potential to supply cultural services using road access and distance from populated areas as well as make
up of local population

2.3.4.4 Non-use

Non-use services are provided by an ecosystem irrespective of whether they are used or intended to be used by
people (United Nations et al., 2021). Two measures of non-use services are the protected or conserved status of
salt marshes, and the protected status of species that use salt marshes (Vind, 2018). By giving protected status
to marshes or associated species, an intrinsic value is assigned to its continued existence and health for future
generations to enjoy.

Using maps of protected and conserved areas along with salt marsh extent (Environment and Climate Change
Canada, 2022), the area of salt marsh that is conserved can be established. There are, however, some issues with
this measure. First, the percentage is likely to be overly high as protected salt marshes are more likely to be mapped
and therefore included in extent accounts. Secondly, protected areas are sometimes created opportunistically, in
areas where there is little or no known human use, to meet pledged protected area targets. These areas would not
fall under cultural services as they are not protected expressly because they are of specific intrinsic value.

To measure protected species use of salt marshes, range data for protected species for which salt marsh is a
known habitat (see sections 2.2.3.2 & 2.3.3.2) will be combined with salt marsh extent data to create a tally of
protected species ranges which overlap salt marshes. The Species at Risk Act (SARA) list of protected species will
be used to determine protected status.

Proposed metrics:

¢ Percentage of salt marsh area protected or conserved
¢ Count of protected species using salt marsh habitat

2.3.5 Perceived disservices

Finally, a discussion of ecosystem services would not be complete without mentioning services that some may
not see as benefits. These few disservices tend to be only perceived as negative at the local level but support the
regional and global services discussed above.

First, as large areas of salt marshes are flooded regularly by tides and contain decomposing plant matter, oxygen
levels in soils are low. This can lead to bacteria build up, particularly in marshes with low levels of tidal flushing,
which can cause a sulfurous rotten-egg smell (Friess et al., 2021). This odor may be unpleasant to visitors or local
residents. However, this is not commonly reported and this same process allows salt marshes to store carbon
(section 2.3.2.1), ultimately reducing greenhouse gas concentrations in the atmosphere.
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Second, small pockets of water in salt marshes may provide breeding habitat for mosquitos, which could be
a nuisance for the local population (Friess, et al., 2021). Mosquitos, however, are an important part of the food
chain as a food source for birds, fish and other insects. Mosquitos may also provide some pollination services,
depending on the local floral community (Peach & Gries, 2016). Methods of mosquito control when applied to
marshes (altering hydrology or spraying pesticides) could impact the entire insect community of the marsh and
thus a number of ecosystem services (Rochlin et al., 2011).

As ecosystem disservices are not included in the SEEA-EA accounts, metrics for these two disservices are not
proposed.

Table 3a
Ecosystem services logic chain

Factors determining supply

Service type Service Factors determining use

Ecological Societal
Provisioning Wild food harvest: Plants Ecosystem condition; climate; hydrology Ecosystem management; Local demand
harvesting practices
Wild food harvest: Fish Panne structure; hydrology; local biomass of Ecosystem and stock Local demand
fish populations; chemical state of water management; harvesting
practices
Medicinal; cultural; other  Ecosystem condition; climate; hydrology Ecosystem management; Local demand
harvesting practices
Regulating Climate regulation Structural state of marsh; sediment supply ~ Ecosystem management; Vulnerability to climate change
and depth; vegetation structure; atmospheric greenhouse gas emissions
carbon concentrations
Coastal flooding protection Vegetation extent and structure; marsh Ecosystem management Areas of economic value at risk
structure; local tide and storm conditions of flooding; Extent of other flood
barriers (e.g. dykes)
Coastal erosion protection ~ Marsh structural state; sediment depth; Ecosystem management Areas of economic value;
vegetation extent and structure infrastructure; buildings and
population in proximity to coast
Sea-level rise protection Marsh surface change rate (accretion, Ecosystem management Areas of economic value;
erosion), sediment availability infrastructure; buildings and
population in area at lower
elevation than expected sea-level
rise
Intermediate Water purification Vegetation structure; soil depth; condition Ecosystem management; Location, type and volume of
regulating of soil location, type and quantity of pollution emitted
released pollutants
Habitat provision: Fish Ecosystem condition; panne structure; Ecosystem and stock Demand for biomass of species
nursery hydrology; biodiversity; presence of invasive management and protection depending on the nursery habitat
species
Habitat provision: Terrestrial Ecosystem condition; local environmental Ecosystem management and Other ecosystems demand for pest
conditions; presence of invasive species protection control; biomass; and functional
requirements reliant on biodiversity
Pollination Ecosystem condition; pollinator abundance;  Ecosystem management and Location of crops benefitting from
vegetation types protection wild pollination
Cultural and non-use  Education Extent; condition; structural state; landscape/ Site access; ecosystem Education policy; research funding
seascape characteristics management
Recreation and tourism Extent; condition; landscape/seascape Site access; ecosystem Accessibility
characteristics management
Spiritual and sense of place Extent; condition Ecosystem management; Local population count;
cultural practices accessibility
Non-use Extent; condition; services Ecosystem/site management; Knowledge and awareness of
societal connection to salt ecosystem and its services
marsh
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Table 3b

Ecosystem services logic chain

Service type Metrics or proxies for service quantification Benefits Main users and beneficiaries
Provisioning Harvested biomass; sales data, foraging behaviour Harvested products Local population; restaurants and
other businesses
Harvested biomass; foraging behaviour Harvested products Recreational fishers; Local population
and restaurants
Harvested biomass; foraging behaviour Harvested products Local population
Regulating Estimated carbon sequestration and carbon storage by ~ Atmospheric greenhouse gas reduction leadingto  Global population, businesses and

area

less climate change and fewer adverse effects

government

Indicator using marsh width and length, wind speed,
vegetation index, and topography

Decrease in storm surge damage and costs

Local population and businesses;
infrastructure

Indicator using marsh length and width, soil type and
vegetation index

Lowers risk of flooding and removal of property;
infrastructure and agriculture in coastal area

Local population and businesses;
infrastructure

Marsh surface change rate and sediment availability

Decreased future flood risk and need for expensive
protective infrastructure; reduction in damage from
sea-level rise

Local population and businesses;
infrastructure

Intermediate

Indicator using vegetation index, soil type and depth

Improved water quality in surrounding ocean and

Other ecosystems and beneficiaries of

regulating agricultural lands the services they provide
Fishery recruitment biomass adjusted by percentage of  Continuing supply of provisioning ecosystem Industry and individual fisherpeople;
nursery habitat area that is salt marsh services in ocean indirect household consumption
Count of species individuals in area; biodiversity index of Continuing supply of pest control; supports other Local agricultural and built-up
key species using marsh ecosystem services; intrinsic value of ecosystem land (insect control by birds); other
ecosystems
Area of crops pollinated by wild pollinators using salt Reduced need for alternative forms of pollination, Local agricultural land (commercial,
marsh including paid pollination services subsistence and household); indirect
household consumption
Cultural and Indicator including count of salt marsh researchers, Intellectual development, advancement of Education and research organizations;
non-use research grants, published papers and student theses ~ knowledge and understanding general population especially students;

and count of maintained salt marsh walks and education
programs

industry

Visitor numbers; recreation potential based on
accessibility; citizen science and
social media post counts

Physical and mental health of users

Local population; recreational
organizations; tourists and tourism
companies

Condition indicator, potential supply based
on accessibility

Sense of well-being; continued cultural practices;
spiritual health of users

Local population

Percentage of salt marsh area that is protected or

conserved; count of species protected in Canada that use

salt marsh

Sense of well-being

Global population

3. Conclusion and next steps

This paper has laid out a framework for the ecosystem accounts, proposing metrics that will provide a complete
picture of salt marsh extent, condition and ecosystem services in Canada. Following this framework, accounts
will be built gradually, addressing variables as prioritized by data availability, complexity, and importance. Once
accounts are developed, they can be updated regularly as data, knowledge and modelling techniques improve.

Salt marsh is a dynamic and important coastal ecosystem that provides several key ecosystem services. It has
historically been overlooked and its value to society has only recently become better understood. Because of
this, there are many knowledge gaps relating to salt marsh. Salt marsh has been selected as one of the first focal
ecosystems of the Census of Environment to highlight key data gaps and spur discussion on how to fill them to
better understand this ecosystem.

Statistics Canada — Catalogue no. 16-001-M2022001




Valuing the Salt Marsh Ecosystem: Developing Ecosystem Accounts

References

Able, K. W., Vivian, D. N., Petruzzelli, G., & Hagan, S. M. (2012). Connectivity among salt marsh subhabitats:
Residency and movements of the Mummichog (Fundulus heteroclitus). Estuaries and Coasts, 35, 743-753.

Agriculture and Agri-Foods Canada. (2018, January 25). AAFC semi-decadal land use time series. Retrieved
January 31, 2022, from Open Data Canada: https://open.canada.ca/data/en/dataset/fa84a70f-03ad-4946-b0f8-
a3b481dd5248

Alvarez—RogeI, J., Jiménez-Carceles, F. J., Roca, M. J., & Ortiz, R. (2007). Changed in soils and vegetation in a
Mediterranean coastal salt marsh impacted by human activities. Estuarine Coastal and Shelf Science, 73, 510-526.

Aman, J., & Wilson Grimes, K. (2016). Measuring impacts of invasive European green crabs on Maine salt marshes:
A novel approach. Wells National Estuarine Research Reserve. Retrieved January 6, 2022, from https://www.
wellsreserve.org/writable/files/archive/science-pubs/mohf_green-crab-report-2016.pdf

Argow, B. A, Hughes, Z. J., & FitzGerald, D. M. (2011). Ice raft formation, sediment load, and theoretical potential
for ice-rafted sediment influx on northern coastal wetlands. Continental Shelf Research, 31(12), 1294-1305.

Baltzer, J. L., Hewlin, H. L., Reekie, E. G., & Taylor, P. D. (2002). The impact of flower harvesting on seedling
recruitment in sea lavender (Limonium carolinianum, Plumbaginaceae). Rhodora, 104(919), 280-295.

Barbier, E. B., Georgiou, I. Y., Enchelmeyer, B., & Reed, D. J. (2013, March). The value of wetlands in protecting
Southeast Louisiana from hurricane storm surges. PLoS One, 8(3).

Benoit, L. K., & Askins, R. A. (2002). Relationship between habitat area and the distribution of tidal marsh birds.
The Wilson Bulletin, 114(3), 314-323.

Bertness, M. D., Ewanchuk, P. J., & Silliman, B. R. (2002). Anthropogenic modification of New England salt marsh
landscapes. PNAS, 99(3), 1395-1398.

Bertness, M. D., Silliman, B. R., & Jefferies, R. (2004). Salt marshes under siege. American Scientist, 92, 54-61.
Sigma Xi.

Bowron, T. M., Neatt, N., van Proosdij, D., & Lundholm, J. (2012). Salt marsh tidal restoration in Canada’s Maritime
provinces. In C. T. Roman, & D. M. Burdick (Eds.), Tidal marsh restoration (pp. 191-209). Washington, DC: Island
Press.

Bozek, C. M., & Burdick, D. M. (2005). Impacts of seawalls on saltmarsh plant communities in the Great Bay
Estuary, New Hampshire USA. Wetlands Ecology and Management, 13, 553-568.

Broome, S. W., Seneca, E. D., & Woodhouse Jr., W. W. (1983). The effects of source, rate and placement of nitrogen
and phosphorus fertilizers on growth of Spartina alterniflora transplants in North Carolina. Estuaries, 6(3), 212-226.

Butzeck, C., Eschenbach, A., Grongroft, A., Hansen, K., Nolte, S., & Jensen, K. (2015). Sediment deposition and
accretion rates in tidal marshes are highly variable along estuarine salinity and flooding gradients. Estuaries and
Coasts, 38, 434-450. https://doi.org/10.1007/s12237-014-9848-8

Cahoon, D. R., McKee, K. L., & Morris, J. T. (2020). How plants influence resilience of salt marsh and mangrove
wetlands to sea-level rise. Estuaries and Coasts, 44(4), 883-898. https://doi.org/10.1007/s12237-020-00834-w

Capriolo, A., Boschetto, R. G., Mascolo, R. A., Balbi, S., & Villa, F. (2020). Biophysical and economic assessment
of four ecosystem services for natural capital accounting in Italy. Ecosystem Services, 46, 101207.

Chaplin-Kramer, R., Sharp, R. P, Weil, C., Bennett, E. M., Pacual, U., Arkema, K. K., Brauman, K. A., Bryant B.
P., Guerry, A. D., Haddad, N. M., Hamann, M., Hamel, P., Johnston, J. A., Mandle, L., Pereira, H. M., Polasky, S.,
Ruckelshaus, M., Shaw, M. R., Silver, J. M., . . . Daily, G. C. (2019). Global modeling of nature’s contributions to
people. Science, 366(6462). https://doi.org/10.1126/science.aaw3372

Charles, H., & Dukes, J. S. (2009). Effects of warming and altered precipitation on plant and nutrient dynamics of
a New England salt marsh. Ecological Applications, 19(7), 1758-1773.

Chastain, S. (2017). Carbon stocks and accumulation rates in salt marshes of the Pacific coast of Canada. Master’s
thesis, Simon Fraser University. Retrieved from http://rem-main.rem.sfu.ca/theses/ChastainStephen_2017_
MRM683.pdf

Statistics Canada — Catalogue no. 16-001-M2022001



https://open.canada.ca/data/en/dataset/fa84a70f-03ad-4946-b0f8-a3b481dd5248
https://www.wellsreserve.org/writable/files/archive/science-pubs/mohf_green-crab-report-2016.pdf
https://www.wellsreserve.org/writable/files/archive/science-pubs/mohf_green-crab-report-2016.pdf
https://doi.org/10.1007/s12237-020-00834-w
https://doi.org/10.1007/s12237-020-00834-w
https://doi.org/10.1126/science.aaw3372
https://doi.org/10.1126/science.aaw3372
http://rem-main.rem.sfu.ca/theses/ChastainStephen_2017_MRM683.pdf

Valuing the Salt Marsh Ecosystem: Developing Ecosystem Accounts

Chen, Y., Caesemaecker, C., Rahman, H. T., & Sherren, K. (2020). Comparing cultural ecosystem service delivery
in dykelands and marshes using Instagram: A case of the Cornwallis (Jijuktu’kwejk) River, Nova Scotia, Canada.
Ocean and Coastal Management, 193, 105254.

Chmura, G. L., & Hung, G. A. (2004). Controls on salt marsh accretion: A test in salt marshes of Eastern Canada.
Estuaries, 27(1), 70-81.

Clapson, D. (2014, August 11). What the hell is sea asparagus? Retrieved September 13, 2021, from https://
eatnorth.com/dan-clapson/what-hell-sea-asparagus

Cohen, R. (2018, March 12). Edible wild plants native to the Northeast U.S. and Eastern Canada. Retrieved
December 16, 2021, from https://massland.org/sites/default/files/files/Edible %20Wild%20Plants%20Native %20
10%20the%20Northeast%20and%20eastern%20Canada%20-%20March%202018%20compilation.pdf

Cole, M. L., Kroeger, K. D., McClelland, J. W., & Valiela, I. (2006). Effects of watershed land use on nitrogen
concentrations and 15 nitrogen in groundwater. Biogeochemistry, 77, 199-215.

Colombano, D. D, Litvin, S. Y., Ziegler, S. L., Alford, S. B., Baker, R., Barbeau, M. A., Cebrian, J., Connolly, R. M.,
Currin, C. A, Deegan, L. A,, Lesser, J. S., Martin, C. W., McDonald, A. E., McLuckie, C., Morrison, B. H., Pahl,
J. W, Risse, L. M., Smith, J. A. M., Staver, L. W.,, . . . Waltham, N. J. (2021). Climate change implications for tidal
marshes and food web linkages to estuarine and coastal nekton. Estuaries and Coasts, 44, 1637-1648. https://doi.
org/10.1007/s12237-020-00891-1

Connor, R. F, Chmura, G. L., & Beecher, C. B. (2001). Carbon accumulation in Bay of Fundy salt marshes:
Implications for restoration of reclaimed marshes. Global Biogeochemical Cycles, 14(4), 943-954.

Conservation of Arctic Flora and Fauna. (2013). Arctic biodiversity assessment: Report for policy makers. Akureyi,
Iceland. Retrieved November 24, 2021, from http://www.arcticbiodiversity.is/index.php/the-report/report-for-
policy-makers/key-findings

Cooper, A. (1982). The effects of salinity and waterlogging on the growth and cation uptake of salt marsh plants.
The New Phytologist, 90, 263-275.

Craft, C., Clough, J., Ehman, J., Joye, S., Park, R., Pennings, S., Guo, H., & Machmuller, M. (2009). Forecasting the
effects of accelerated sea-level rise on tidal marsh ecosystem services. Frontiers in Ecology and the Environment,
8(2), 73-78. https://doi.org/10.1890/070219

Crain, C. M., Silliman, B. R., Bertness, S. L., & Bertness, M. D. (2004). Physical and biotic drivers of plant distribution
across estuarine salinity gradients. Ecology, 85(9), 2539-2549.

Currin, C. A. (2019). Living shorelines for coastal resilience. In G. M. Perillo, E. Wolanski, D. R. Cahoon, & C. S.
Hopkinson (Eds.), Coastal wetlands: An integrated ecosystem approach (pp. 1023-1053). Elsevier B.V.

Da Lio, C., Teatini, P, Stozzi, T., & Tosi, L. (2018). Understanding land subsidence in salt marshes of the Venice
Lagoon from SAR Interferometry and ground-based investigations. Remote Sensing of Environment, 205, 56-70.

Dawe, N. K., Boyd, W. S., Martin, T., Anderson, S., & Wright, M. (2015). Significant marsh primary production is
being lost from the Campbell River estuary: Another case of too many resident Canada Geese (Branta canadensis)?
British Columbia Birds, 25, 2-12.

Deegan, L. A., Hughes, J. E., & Rountree, R. A. (2002). Salt marsh ecosystem support of marine transient species.
In M. K. Weinstein (Ed.), Concepts and controversies in tidal marsh ecology (pp. 333-365). Dordrecht: Springer.

Deegan, L. A., Johnson, D. S., Warren, R. S., Peterson, B. J., Fleeger, J. W., Fagherazzi, S., & Wollheim, W. M.
(2012). Coastal eutrophication as a driver of salt marsh loss. Nature, 490(7420), 388-392.

Delaune, R. D., Reddy, C. N., & Patrick Jr., W. H. (1981). Accumulation of plant nutrients and heavy metals through
sedimentation processes and accretion in a Louisiana salt marsh. Estuaries, 4(4), 328-334.

Dionne, J. C. (1969). Tidal flat erosion by ice at La Pocatiére, St. Lawrence Estuary. Journal of Sedimentary
Petrology, 39, 1174-1181.

Dionne, J. C. (1993). Sediment load of shore ice and ice rafting potential, upper St. Lawrence Estuary, Québec,
Canada. Journal of Coastal Research, 9, 628-646.

Doody, J.P., (2004). Coastal squeeze — an historical perspective. Journal of Coastal Conservation 10, 129-138.

Statistics Canada — Catalogue no. 16-001-M2022001



https://eatnorth.com/dan-clapson/what-hell-sea-asparagus
https://massland.org/sites/default/files/files/Edible%20Wild%20Plants%20Native%20to%20the%20Northeast%20and%20eastern%20Canada%20-%20March%202018%20compilation.pdf
https://doi.org/10.1007/s12237-020-00891-1
https://doi.org/10.1007/s12237-020-00891-1
http://www.arcticbiodiversity.is/index.php/the-report/report-for-policy-makers/key-findings
http://www.arcticbiodiversity.is/index.php/the-report/report-for-policy-makers/key-findings
https://doi.org/10.1890/070219
https://doi.org/10.1890/070219

Valuing the Salt Marsh Ecosystem: Developing Ecosystem Accounts

Dugan, J. E., Airoldi, L., Chapman, M. G., Walker, S. J., & Schlacher, T. (2011). Estuarine and coastal structures:
Environmental effects, a focus on shore and nearshore structure. In E. Wolanski, & D. McLusky (Eds.), Treatise on
estuarine and coastal science (pp. 17-41). Elsevier.

Eastwood, J. A., Yates, M. G., Thomson, A. G., & Fuller, R. M. (1997). The reliability of vegetation indices for
monitoring saltmarsh vegetation cover. International Journal of Remote Sensing, 18(18), 3901-3907.

Eddy, T. D., Lam, V. W., Reygondeau, G., Cisneros-Montemayor, A. M., Greer, K., Palomares, M. L., . . . Chung, W.
W. (2021). Global decline in capacity of coral reefs to provide ecosystem services. One Earth, 4, 1278-1285.

Endresz, K. (2020). Understanding the ecological linkages between salt marsh ecosystems and nearshore fisheries.
Master’s thesis, Dalhousie University, DalSpace Institutional Repository.

Environment and Climate Change Canada. (2020). Internationally important wetlands: Ramsar Convention. Retrieved
January 26, 2022, from https://www.canada.ca/en/environment-climate-change/corporate/international-affairs/
partnerships-organizations/important-wetlands-ramsar-convention.html

Environment and Climate Change Canada. (2021). John Lusby marsh national wildlife area. Retrieved February
3, 2022, from https://www.canada.ca/en/environment-climate-change/services/national-wildlife-areas/locations/
john-lusby-marsh.html

Environment and Climate Change Canada. (2022). Canadian Protected and Conserved Areas Database. Retrieved
May 24, 2022, from https://www.canada.ca/en/environment-climate-change/services/national-wildlife-areas/
protected-conserved-areas-database.html

Ewanchuk, P. J., & Bertness, M. D. (2003). Recovery of a northern New England salt marshplant community from
winter icing. Oecologia, 136(4), 616-626.

Feagin, R. A., Lozada-Bernard, S. M., Ravens, T. M., Mdller, |., Yeager, K. M., & Baird, A. H. (2009). Does
vegetation prevent wave erosion of salt marsh edges? PNAS, 106(25), 10109-10113. doi:https://doi.org/10.1073/
pnas.0901297106

FitzGerald, D. M., & Hughes, Z. (2019). Marsh processes and their responses to climate change and sea-
level rise. Annual Reviews of Earth and Planetary Sciences, 47, 481-517. https://doi.org/10.1146/annurev-
earth-082517-010255

French, J. (2019). Tidal salt marshes: Sedimentology and geomorphology. In G. M. Perillo, E. Wolanski, D. R.
Cahoon, & C. S. Hopkinson (Eds.), Coastal wetlands: An integrated ecosystem approach (2nd ed., pp. 479 — 517).
Elsevier B.V.

Friess, D. A., Yando, E. S., Alemu, J. B., Wong, L.-W., Soto, S. D., & Bhatia, N. (2021). Ecosystem services and
disservices of mangrove forests and salt marshes. In S. Hawkins, A. Allcock, A. Bates, A. Evans, L. Firth, C.
McQuaid, . . . P. Todd (Eds.), Oceanography and marine biology: An annual review (Vol. 58, pp. 107-140). CRC
Press, Taylor & Francis Group.

Gabet, E. J. (1998). Lateral migration and bank erosion in a saltmarsh tidal channel in San Francisco. Estuaries, 21(4
Part B), 745-753.

Gailis, M., Kohfeld, K. E., Pellat, 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

Gallardo, B., Clavero, M., Sanchez, M. |., & Montserrat, V. (2015). Global ecological impacts of invasive species in
aquatic ecosystems. Global Change Biology, 22(1), 151-163. https://doi.org/10.1111/gcb.13004

Gedan, K. B., Silliman, B. R., & Bertness, M. D. (2009). Centuries of human-driven change in salt marsh ecosystems.
Annual Review of Marine Science, 1, 117-141. doi:10.1146/annurev.marine.010908.163930

Gerwing, T. G., Thomson, H. M., Brouard-John, E. K., Kushneryk, K., Davies, M. M., Lawn, P, & Nelson, K. R.
(2021). Observed dispersal of invasive yellow flag iris (Iris pseudacorus) through a saline marine environment and
growth in a noval substrate, shell hash. Wetlands, 41(1). https://doi.org/10.1007/s13157-021-01421-w

Ghosh, S., Mishra, D. R., & Gitelson, A. A. (2016). Long-term monitoring of biophysical characteristics of
tidal wetlands in the northern Gulf of Mexico — A methodological approach using MODIS. Remote Sensing of
Environment, 173, 39-58.

Statistics Canada — Catalogue no. 16-001-M2022001



https://www.canada.ca/en/environment-climate-change/corporate/international-affairs/partnerships-organizations/important-wetlands-ramsar-convention.html
https://www.canada.ca/en/environment-climate-change/services/national-wildlife-areas/locations/john-lusby-marsh.html
https://www.canada.ca/en/environment-climate-change/services/national-wildlife-areas/protected-conserved-areas-database.html
https://doi.org/10.1073/pnas.0901297106
https://doi.org/10.1073/pnas.0901297106
https://doi.org/10.1146/annurev-earth-082517-010255
https://doi.org/10.1146/annurev-earth-082517-010255
https://doi.org/10.1080/21664250.2021.1894815
https://doi.org/10.1080/21664250.2021.1894815
https://doi.org/10.1111/gcb.13004
https://doi.org/10.1111/gcb.13004
https://doi.org/10.1007/s13157-021-01421-w
https://doi.org/10.1007/s13157-021-01421-w

Valuing the Salt Marsh Ecosystem: Developing Ecosystem Accounts

Gitelson, A. A. (2004). Wide dynamic range vegetation index for remote quantification of biophysical characteristics
of vegetation. Journal of Plant Physiology, 161, 165-173.

Gleason, M. L., Elmer, D. A., Pien, N. C., & Fisher, J. S. (1979). Effects of stem density upon sediment retention by
salt marsh cord grass, Spartina alterniflora loisel. Estuaries, 2(4), 271-273.

Grenfell, S. E., Fortune, F.,, Mamphoka, M. F., & Sanderson, N. (2019). Coastal wetland resilience to climate change:
modelling ecosystem response to rising sea level and salinity in a variable climate. Anthropocene Coasts, 2, 1-20.
https://doi.org/10.1139/anc-2018-0004

Grout, J. A,, Levings, C. D., & Richardson, J. S. (1997). Decomposition rates of purple loosestrife (Lythrum salicaria)
and lyngbyei’s sedge (Carex lyngbyei) in the Fraser River Estuary. Estuaries, 20(1), 96-102.

Guley, S. K., Thorne, P. W., Ahn, J., Dentener, F. J., Domingues, C. M., Gerland, S., Gong, D., Kauffman, D. S.,
Nnamchi, H. C., Quaas, J., Rivera, J. A., Smith, S. L., Trewin, B., & Vose, R. S. (2021). Changing state of the climate
system. In V. Masson-Delmotte, P. Zhai, A. Pirani, S. Connors, C. Péan, S. Berger, . . . B. Zhou (Eds.), Climate
change 2021: The physical science basis. Contribution of working group | to the sixth assessment report of the
Intergovernmental Panel on Climate Change. Cambridge University Press.

Hanson, M. M., Jones, R., & Tocchini, K. (2017). Shinrin-Yoku (forest bathing) and nature therapy: A state-of-the-
art review. International Journal of Environmental Research and Public Health, 14(8), 851. https://doi.org/10.3390/
ijerph14080851

Hardisky, M. A., Daiber, F. C., Roman, C. T., & Klema, V. (1984). Remote sensing of biomass and annual net aerial
primary productivity of a salt marsh. Remote Sensing of Environment, 16, 91-106.

Harney, J. (2008). Modeling habitat suitability for the invasive salt marsh cordgrass Spartina using ShoreZone
coastal habitat mapping data in Southeast Alaska, British Columbia, and Washington State. Sidney, B.C.: Coastal
& Ocean Resources Inc.

Heery, E. C., Bishop, M. J., Critchley, L. P, Bugnot, A. B., Airoldi, L., Mayer-Pinto, M., Sheehan, E. V., Coleman,
R. A, Loke, L. H. L., Johnston, E. L., Komyakova, V., Morris, R. L., Strain, E. M. A., Naylor, L. A., & Dafforn, K. A.
(2017). Identifying the consequences of ocean sprawl! for sedimentary habitats. Journal of Experimental Marine
Biology and Ecology, 492, 31-48.

Hladik, C., Schalles, J., & Alber, M. (2013). Salt marsh elevation and habitat mapping using hyperspectral and
LIDAR data. Remote Sensing of Environment, 139, 318-330.

Houttuijn Bloemendaal, L. J., FitzGerald, D. M., Hughes, Z. J., Novak, A. B., & Phippen, P. (2021). What controls
marsh edge erosion? Geomorphology, 386, 107745. https://doi.org/10.1016/j.geomorph.2021.107745

Hughes, Z. J., FitzGerald, D. M., Wilson, C. A., Pennings, S. C., Wiski, K., & Mahadevan, A. (2009). Rapid headward
erosion of marsh creeks in response to relative sea level rise. Geophysical Research Letters, 36, LO3602. https://
doi.org/10.1029/2008GL036000

Invasive Species Centre. (n.d.). Purple Loosestrife (Lythrum salicaria). Retrieved November 24, 2021, from https://
www.invasivespeciescentre.ca/invasive-species/meet-the-species/invasive-plants/purple-loosestrife/

Janes, H., Macreadie, P. |., Zu Ermgassen, P. S., Gair, J. R., Treby, S., Reeves, S., Nicholson, E., lerodianconou, D.,
& Carnell, P. (2020). Quantifying fisheries enhancement from coastal vegetated ecosystems. Ecosystem Services,
43, 101105.

Jefferies, R. L., Jano, A. P, & Abraham, K. F. (2006). A biotic agent promotes large-scale catastrophic change in the
coastal marshes of Hudson Bay. Journal of Ecology, 94, 234-242.

Jensen, D., Cavanaugh, K. C., Simard, M., Okin, G. S., Castefiada-Moya, E., McCall, A., & Twilley, R. R. (2019).
Integrating imaging spectrometer and synthetic aperture radar data for estimating wetlands vegetation aboveground
biomass in coastal Louisiana. Remote Sensing, 11(21), 2533. https://doi.org/10.3390/rs11212533

Kearney, M. S., Stutzer, D., Turpie, K., & Court, S. J. (2009). The effects of tidal inundation on the reflectance
characteristics of coastal marsh vegetation. Journal of Coastal Research, 25(6), 1177-1186.

Kearney, W. S., & Fagherazzi, S. (2016). Salt marsh vegetation promotes efficient tidal channel networks. Nature
Communications, 7, 12287. https://doi.org/10.1038/ncomms12287

Statistics Canada — Catalogue no. 16-001-M2022001



https://doi.org/10.1139/anc-2018-0004
https://doi.org/10.1139/anc-2018-0004
https://doi.org/10.3390/ijerph14080851
https://doi.org/10.3390/ijerph14080851
https://doi.org/10.1016/j.geomorph.2021.107745
https://doi.org/10.1016/j.geomorph.2021.107745
https://doi.org/10.1029/2008GL036000
https://doi.org/10.1029/2008GL036000
https://www.invasivespeciescentre.ca/invasive-species/meet-the-species/invasive-plants/purple-loosestrife/
https://doi.org/10.3390/rs11212533
https://doi.org/10.3390/rs11212533
https://doi.org/10.1038/ncomms12287

Valuing the Salt Marsh Ecosystem: Developing Ecosystem Accounts

Keith, D. A., Ferrer-Paris, J. R., Nicholson, E., & Kingsford, R. T. (2020). The IUCN Global Ecosystem Typology
2.0: Descriptive profiles for biomes and ecosystem functional groups. Gland, Switzerland: International Union for
Conservation of Nature.

Kiehl, K., Esselink, P, & Bakker, J. P. (1997). Nutrient limitation and plant species composition in temperate salt
marshes. Oecologia, 111, 325-330.

King, R. S., Deluca, W. V., Whigham, D. F., & Marra, P. P. (2007). Threshold effects of coastal urbanization of
Phragmites australis (Common reed) abundance and foliar nitrogen in Chesapeake Bay. Estuaries and Coasts,
30(3), 469-481.

King, R. S., Hines, A. H., Craige, F. D., & Grap, S. (2005). Regional, watershed and local correlates of blue crab
and bivalve abundances in subestuaries of Chesapeake Bay, USA. Journal of Experimental Marine Biology and
Ecology, 319, 101-116.

Kirwan, M. L., Guntenspergen, G. R., & Morris, J. T. (2009). Latitudinal trends in Spartina alterniflora productivity
and the response of coastal marshes to global change. Global Change Biology, 15, 1982-1989. https://doi.
org/10.1111/j.1365-2486.2008.01834.x

Kirwan, M. L., Guntenspergen, G. R., D’Alpaos, A., Morris, J. T., Mudd, S. M., & Temmerman, S. (2010). Limits on
the adaptability of coastal marshes to rising sea level. Geophysical Research Letters, 37, L.23401.

Klein, J. C., Underwood, A. J., & Chapman, M. G. (2011). Urban structures provide new insights into interactions
among grazers and habitat. Ecological Applications, 21(2), 427-438.

Konisky, R. A., & Burdick, D. M. (2005). Effects of stressors on invasive and halophytic plants of New England salt
marshes: A framework for predicting response to tidal restoration. Wetlands, 24(2), 434-447.

Langford, S. (2015, August 7). Recipe: Sea asparagus is the most delicious seafood you’ve never had. Retrieved
November 2, 2021, from The Globe and Mail: https://www.theglobeandmail.com/life/food-and-wine/recipes/
recipe-sea-asparagus-is-the-most-delicious-seafood-youve-never-had/article25876280/

Langley, J. A., Mozdzer, T. J., Shepard, K. A., Hagerty, S. B., & Megonigal, J. P. (2013). Tidal marsh plant responses
to elevation CO2, nitrogen fertilization, and sea level rise. Global Change Biology, 19, 1495-1503.

Lemmen, D. S., Warren, F. J., James, T. S., & Mercer Clarke, C. S. L. (2016). Canada’s marine coasts in a changing
climate. Ottawa. ON: Government of Canada.

Leo, K. L., Gillies, C. L., Fitzsimons, J. A, Hale, L. Z., & Beck, M. W. (2019). Coastal habitat squeeze: A review of
adaptation solutions for saltmarsh, mangrove and beach habitats. Ocean and Coastal Management, 175, 180-190.

Levine, J. M., Brewer, J. S., & Bertness, M. D. (1998). Nutrients, competition and plant zonation in a New England
salt marsh. Journal of Ecology, 86, 285-292.

Litvin, S. Y., Weinstein, M. P,, Sheaves, M., & Nagelkerken, I. (2018). What makes nearshore habitats nurseries for
nekton? An emerging view of the nursery role hypothesis. Estuaries and Coasts, 41, 1539-1550.

Lopes, C. L., Mendes, R., Cacador, |., & Dias, J. M. (2020). Assessing salt marsh extent and condition changes with
35 years of Landsat imagery: Tagus Estuary case study. Remote Sensing of Environment, 247, 111939.

Lumbierres, M., Méndez, P. F,, Bustamante, J., Soriguer, R., & Santamaria, L. (2017). Modeling biomass production
in seasonal wetlands using MODIS NDVI land surface phenology. 9(4), 392. https://doi.org/10.3390/rs9040392

MacKenzie, W. H., & Moran, J. R. (2004). Wetlands of British Columbia: A guide to identification (Land Management
Handbook No. 52). Victoria, B.C.: Research Branch, B.C. Ministry of Forests. Retrieved November 18, 2021, from
https://www.for.gov.bc.ca/hfd/pubs/Docs/Lmh/Lmh52.pdf

Martini, P. I., Jefferies, R. L., Morrison, R. I., Abraham, K. F, & Sergienko, L. A. (2019). Northern polar coastal
wetlands: Development, structure, and land use. In G. M. Perillo, E. Wolanski, D. R. Cahoon, & C. S. Hopkinson
(Eds.), Coastal wetlands: An integrated ecosystem approach (2nd ed., pp. 153-186). Elsevier B.V.

McClelland, J. W., & Valiela, I. (1998a). Changes in food web structure under the influence of increased anthropogenic
nitrogen inputs to estuaries. Marine Ecology Progress Series, 168, 259-271.

McClelland, J. W., & Valiela, I. (1998b). Linking nitrogen in estuarine producers to land-derived sources. Limnology
and Oceanography, 43(4), 577-585.

Statistics Canada — Catalogue no. 16-001-M2022001



https://doi.org/10.1111/j.1365-2486.2008.01834.x
https://doi.org/10.1111/j.1365-2486.2008.01834.x
https://www.theglobeandmail.com/life/food-and-wine/recipes/recipe-sea-asparagus-is-the-most-delicious-seafood-youve-never-had/article25876280/
https://doi.org/10.3390/rs9040392
https://doi.org/10.3390/rs9040392
https://www.for.gov.bc.ca/hfd/pubs/Docs/Lmh/Lmh52.pdf
https://www.for.gov.bc.ca/hfd/pubs/Docs/Lmh/Lmh52.pdf

Valuing the Salt Marsh Ecosystem: Developing Ecosystem Accounts

McCormick, H., Salguero-Gémez, R., Mill, M., & Davis, K. (2021). Using a residency index to estimate the economic
value of coastal habitat provisioning services for commercially important fish species. Conservation Science and
Practice, 3(5), €363. https://doi.org/10.1111/csp2.363

McGarigal, K., & Marks, B. J. (1995). FRAGSTATS: Spatial pattern analysis program for quantifying landscape
structure. Portland, OR: U.S. Department of Agriculture, Forest Service, Pacific Northwest Research Station.
https://doi.org/10.2737/PNW-GTR-351

McLeod, E., Chmura, G. L., Bouillon, S., Salm, R., Bjérk, M., Duarte, C. M., Lovelock, C. E., Schlensinger, W. H.,
& Silliman, B. R. (2011). A blueprint for blue carbon: Toward an improved understanding of the role of vegetated
coastal habitats in sequestering COZ2. Frontiers in Ecology and the Environment, 9(10), 552 — 560. https://doi.
org/10.1890/110004

McOwen, C. J., Weatherdon, L. V., Van Bochove, J.-W., Sullivan, E., Blyth, S., Zockler, C., Stanwell-Smith, D.,
Kingston, N., Martin, C. S., Spalding, M., & Fletcher, S. (2017). A global map of saltmarshes. Biodiversity Data
Journal, 5, e11764.

Mendelssohn, I. A., Andersen, G. L., Baltz, D. M., Caffey, R. H., Carman, K. R., Fleeger, J. W., Joye, S. B,, Lin, Q.,
Maltby, E., Overton, E. B., & Rozas, L. P. (2012). Oil impacts on coastal wetlands: Implications for the Mississippi
River Delta ecosystem after the Deepwater Horizon oil spill. BioScience, 62(6), 562-574.

Meyerson, L. A., Saltonstall, K., & Chambers, R. M. (2009). Phragmites australis in eastern North American: A
historical and ecological perspective. In B. R. Silliman, E. D. Grosholz, & M. D. Bertness (Eds.), Human impacts on
salt marshes: A global perspective (pp. 57-82). University of California Press.

Miller, G. J., Morris, J. T., & Wang, C. (2019). Estimating aboveground biomass and its spatial distribution in coastal
wetlands utilizing Planet multispectral imagery. Remote Sensing, 11(17). https://doi.org/10.3390/rs11172020

Milligan, D. C. (1987). Maritime dykelands: The 350 year struggle. Nova Scotia Department of Government Services:
Publishing Division.

Minchinton, T. E., Simpson, J. C., & Bertness, M. D. (2006). Mechanisms of exclusion of native coastal marsh
plants by an invasive grass. Journal of Ecology, 94, 342-354.

Minello, T. J., Zimmerman, R. J., & Medina, R. (1994). The importance of edge for natant marofauna in a created
salt marsh. Wetlands, 14, 184-198.

Mitchell, M. G., Schuster, R., Jacob, A. L., Hanna, D. E., Dallaire, C. O., Raudsepp-Hearne, C., Bennett, E. M.,
Lehner, B., & Chan, K. M. (2021). Identifying key ecosystem service providing areas to inform national-scale
conservation planning. Environmental Research Letters, 16(1), 014038.

Mo, Y., Kearney, M. S., Riter, J. C., Zhao, F, & Tilley, D. R. (2018). Assessing biomass of diverse coastal marsh
ecosystems using statistical and machine learning models. International Journal of Applied Earth Observation and
Geoinformation, 68, 189-201.

Moaller, ., Kudella, M., Rupprecht, F., Spencer, T., Paul, M., van Wesebeeck, B. K., Wolters, G., Jensen, K., Bouma,
T. J., Miranda-Lange, M., & Schimmels, S. (2014). Wave attenuation over coastal saltmarshes under storm surge
conditions. Nature Geoscience, 7, 727-731.

Morley, S. A., Toft, J. D., & Hanson, K. M. (2012). Ecological effects of shoreline armoring on intertidal habitats of
a Puget Sound urban estuary. Estuaries and Coasts, 35, 774-784.

Mudd, S. M. (2011). The life and death of salt marshes in response to anthropogenic disturbance of sediment
supply. Geology, 39(5), 511-512. https://doi.org/10.1130/focus052011.1

Mudd, S. M., D’Alpaos, A., & Morris, J. T. (2010). How does vegetation affect sedimentation on tidal marshes?
Investigating particle capture and hydrodynamic controls on biologically mediated sedimentation. Journal of
Geophysical Research, 115, F03029.

Narayan, S., Beck, M. W., Wilson, P., Thomas, C. J., Guerrero, A., Shepard, C. C., Ruguero, B. G., Franco, G., Ingram,
J. C., & Trespalacios, D. (2017). The value of coastal wetlands for flood damage reduction in the Northeastern USA.
Scientific Reports, 7, 9463. https://doi.org/10.1038/s41598-017-09269-z

National Oceanic and Atmospheric Administration: Office for Coastal Management. (n.d.). C-CAP regional land
cover and change. Retrieved December 8, 2021, from https://coast.noaa.gov/digitalcoast/data/ccapregional.html

Statistics Canada — Catalogue no. 16-001-M2022001



https://doi.org/10.1111/csp2.363
https://doi.org/10.1111/csp2.363
https://doi.org/10.2737/PNW-GTR-351
https://doi.org/10.2737/PNW-GTR-351
https://doi.org/10.1890/110004
https://doi.org/10.1890/110004
https://doi.org/10.3390/rs11172020
https://doi.org/10.3390/rs11172020
https://doi.org/10.1130/focus052011.1
https://doi.org/10.1130/focus052011.1
https://doi.org/10.1038/s41598-017-09269-z
https://coast.noaa.gov/digitalcoast/data/ccapregional.html
https://coast.noaa.gov/digitalcoast/data/ccapregional.html

Valuing the Salt Marsh Ecosystem: Developing Ecosystem Accounts

National Research Council. (2007). Mitigating shore erosion along sheltered coasts. Washington, DC: The National
Academies Press. https://doi.org/10.17226/11764

Nature Conservancy Canada. (n.d.). Salt marsh copper. Retrieved February 4, 2022, from https://www.
natureconservancy.ca/en/what-we-do/resource-centre/featured-species/insects-and-spiders/salt-marsh-copper.
html

Nelson, J. L., & Zavaleta, E. S. (2012). Salt marsh as a coastal filter for the oceans: Changes in function with
experimental increases in nitrogen loading and sea-level rise. PLoS One, e38558.

Neubauer, S. C. (2008). Contributions of mineral and organic components to tidal freshwater marsh accretion.
Estuarine, Coastal and Shelf Science, 78, 78-88. https://doi.org/10.1016/j.ecss.2007.11.011

Newton, C., & Thornber, C. (2012). Ecological impacts of macroalgal blooms on salt marsh communities. Estuaries
and Coasts, 36, 365-376.

Ngulube, M. (2021). The wave dissipation potential of Spartina alterniflora in the Bay of Fundy. Honours thesis,
Saint Mary’s University, Saint Mary’s University Institutional Repository.

Nikalje, G. C., & Suprasanna, P. (2018). Coping with metal toxicity — cues from halophytes. Frontiers in Plant
Science, 9(777).

Nova Scotia Museum. (2020). Salt marshes. Retrieved February 3, 2022, from Le Village Historique Acadien:
https://levillage.novascotia.ca/what-see-do/salt-marshes

Odum, W. E. (1988). Comparative ecology of tidal freshwater and salt marshes. Annual Review of Ecology and
Systematics, 19, 147-176.

Page, H. M., Petty, R. L., & Meade, D. E. (1995). Influence of watershed runoff on nutrient dynamics in a Southern
California salt marsh. Estuarine, Coastal and Shelf Science, 41, 163-180.

Partyka, M. L., & Peterson, M. S. (2008). Habitat quality and salt-marsh species assemblages along an anthropogenic
estuarine landscape. Journal of Coastal Research, 24(6), 1570-1581.

Payne, A. R., Burdick, D. M., & Moore, G. E. (2019). Potential effects of sea-level rise on salt marsh elevation
dynamics in a New Hampshire estuary. Estuaries and Coasts, 42, 1405-1418. https://doi.org/10.1007/s12237-
019-00589-z

Peach, D. A., & Gries, G. (2016). Nectar thieves or invited pollinators? A case study of tansy flowers and common
house mosquitoes. Arthropod-Plant Interactions, 10, 497-506.

Pennings, S. C., & Bertness, M. D. (2001). Salt Marsh Communities. In M. D. Bertness, S. D. Gaines, & M. E. Hay
(Eds.), Marine community ecology (pp. 289 — 316). Sunderland, Massachusetts: Sinauer Associates.

Pennings, S. C., Grant, M.-B., & Bertness, M. D. (2005). Plant zonation in low-latitude salt marshes: Disentangling
the roles of flooding, salinity and competition. Journal of Ecology, 93, 159-167.

Peterson, M. S., & Lowe, M. R. (2009). Implications of cumulative impacts to estuarine and marine habitat
quality for fish and invertebrate resources. Reviews in Fisheries Science, 17(4), 505-523. https://doi.
org/10.1080/10641260903171803

Peterson, M. S., Comyns, B. H., Hendon, J. R., Bond, P. J., & Duff, G. A. (2000). Habitat use by early life-history
stages of fishes and crustaceans along a changing estuarine landscape: Differences between natural and altered
shoreline sites. Wetlands Ecology and Management, 8, 209-219.

Pojar, J. (1973). Pollination of typically anemophilous salt marsh plants by bumble bees, Bombus terricola
occidentalis Grne. The American Midland Naturalist, 89(2), 448-451.

Porter, C., Lundholm, J., Bowron, T., Lemieux, B., van Proosdij, D., Neatt, N., & Graham, J. (2015). Classification
and environmental correlates of tidal wetland vegetation in Nova Scotia, Canada. Botany, 93(12), 825-841.

Pratolongo, P., Leonardi, N., Kirby, J. R., & Plater, A. (2019). Temperate coastal wetlands: Morphology, sediment
processes, and plant communities. In G. M. Perillo, E. Wolanski, D. R. Cahoon, & C. S. Hopkinson (Eds.), Coastal
wetlands: An integrated ecosystem approach (2nd ed., pp. 105-152). Elsevier B.V.

Statistics Canada — Catalogue no. 16-001-M2022001



https://doi.org/10.17226/11764
https://www.natureconservancy.ca/en/what-we-do/resource-centre/featured-species/insects-and-spiders/salt-marsh-copper.html
https://doi.org/10.1016/j.ecss.2007.11.011
https://levillage.novascotia.ca/what-see-do/salt-marshes
https://doi.org/10.1007/s12237-019-00589-z
https://doi.org/10.1007/s12237-019-00589-z
https://doi.org/10.1080/10641260903171803
https://doi.org/10.1080/10641260903171803

Valuing the Salt Marsh Ecosystem: Developing Ecosystem Accounts

Rabinowitz, T. (2020). Methods of accelerating re-vegetation at Bay of Fundy salt marsh restoration sites: A practical
comparison. Master’s thesis, Saint Mary’s University, Saint Mary’s University Institutional Repository.

Rabinowitz, T. R. M., Greene, L., Glogowski, A. D., Bowron, T., van Proosdij, D., & Lundholm, J. T. (2022). Hitchhiking
halophytes in wrack and sediment-laden ice blocks contribute to tidal marsh development in the Upper Bay of
Fundy. Wetlands Ecology and Management, 1-14. https://doi.org/10.1007/s11273-022-09867-3

Ravit, B., Ehrenfeld, J. G., Haggblom, M. M., & Bartels, M. (2007). The effects of drainage and nitrogen enrichment
on Phragmites australis, Spartina alterniflora, and their root-associated microbial communities. Wetlands, 27(4),
915-927.

Reddy, K. R., D’Angelo, E. M., & Harris, W. G. (2000). Biogeochemistry of wetlands. In M. Sumner (Ed.), Handbook
of soil science (pp. G-89-119). Boca Raton, Florida: CRC Press.

Reed, D. J. (1995). The response of coastal marshes to sea-level rise: Survival or submergence? Earth Surface
Processes and Landforms, 20, 39-48.

Rezaie, A. M., Loerzel, J., & Ferreira, C. M. (2020). Valuing natural habitats for enhancing coastal resilience: Wetlands
reduce property damage from storm surge and sea level rise. PLoS ONE, 15(1), e0226275. https://doi.org/10.1371/
journal.pone.0226275

Roberts, B. A., & Robertson, A. (1986). Salt marshes of Atlantic Canada: Their ecology and distribution. Canadian
Journal of Botany, 64, 455-467.

Rochlin, I., Dempsey, M. E., lwanejko, T., & Ninivaggi, D. V. (2011). Aquatic insects of New York salt marsh associated
with mosquito larval habitat and their potential utility as bioindicators. Journal of Insect Science, 11(1). https://doi.
org/10.1673/031.011.17201

Roulston, T. T. (2021). Pollinator communities in saltmarshes and dykes: Comparing habitat value in agroecosystems.
Honours thesis, Saint Mary’s University, Saint Mary’s University Institutional Repository.

Saarela, J. M. (2012). Taxonomic synopsis of invasive and native Spartina (Poaceae, Chloridoideae) in the Pacific
Northwest (British Columbia, Washington and Oregon), including the first report of Spartina x townsendii for British
Columbia, Canada. PhytoKeys, 10, 25-82. https://doi.org/10.3897/phytokeys.10.2734

Schile, L. M., Callaway, J. C., Morris, J. T., Stralberg, D., Parker, V. T., & Kelly, M. (2014). Modeling tidal marsh
distribution with sea-level rise: Evaluating the role of vegetation, sediment, and upland habitat in marsh resiliency.
PLoS One, 9(2), €88760.

Schulze, D., Rupprecht, F., Nolte, S., & Jensen, K. (2019). Seasonal and spatial within-marsh differences of
biophysical plant properties — Implications for wave attenuation capacity of salt marshes. Aquatic Sciences, 81(4),
1-11.

Serrano, O., Kelleway, J. J., Lovelock, C., & Lavery, P. S. (2019). Conservation of blue carbon ecosystems for
climate change mitigation and adaptation. In G. M. Perillo, E. Wolanski, D. R. Cahoon, & C. S. Hopkinson (Eds.),
Coastal wetlands: An integrated ecosystem approach (2nd ed., pp. 962-996). Elsevier B.V.

Sharp, R., Douglass, J., Wolny, S., Arkema, K., Bernhardt, J., Bierbower, W., Chaumont, N., Denu, D., Fisher, D.,
Glowinski, K., Griffin, R., Guannel, G., Guerry, A., Johnson, J., Hamel, P, Kennedy, C., Kim, C.K., Lacayo, M.,
Lonsdorf, E., . . . Wyatt, K. (2020). InVEST 3.10.2.post17+ug.g0e9e2ef user’s guide. The Natural Captial Project,
Stanford University, University of Minenesota, The Nature Conservancy and World Wildlife Fund. Retrieved January
31, 2022, from InNVEST documentation: http://releases.naturalcapitalproject.org/invest-userguide/latest/coastal_
blue_carbon.html

Shepard, C. C., Crain, C. M., & Beck, M. W. (2011, November 23). The protective role of coastal marshes: A
systematic review and meta-analysis. PLoS ONE. https://doi.org/10.1371/journal.pone.0027374

Sherren, K., Ellis, K., Guimond, J. A., Kurybyk, B., Leroux, N., Lundholm, J., Mallory, M. L., van Proosdij, D., Walker,
A. K., Bowron, T. M., Brazner, J., Kellman, L., Turner Il, B. L., & Wells, E. (2021). Understanding multifunctional Bay
of Fundy dykelands and tidal wetlands using ecosystem services—a baseline. FACETS, 6, 1446-1473.

Statistics Canada — Catalogue no. 16-001-M2022001



https://doi.org/10.1007/s11273-022-09867-3
https://doi.org/10.1007/s11273-022-09867-3
https://doi.org/10.1007/s11273-022-09867-3
https://doi.org/10.1371/journal.pone.0226275
https://doi.org/10.1371/journal.pone.0226275
https://doi.org/10.1673/031.011.17201
https://doi.org/10.1673/031.011.17201
https://doi.org/10.3897/phytokeys.10.2734
https://doi.org/10.3897/phytokeys.10.2734
https://doi.org/10.3897/phytokeys.10.2734
http://releases.naturalcapitalproject.org/invest-userguide/latest/coastal_blue_carbon.html
https://doi.org/10.1371/journal.pone.0027374
https://doi.org/10.1371/journal.pone.0027374

Valuing the Salt Marsh Ecosystem: Developing Ecosystem Accounts

Sievers, M., Brown, C. J., Buelow, C. A., Pearson, R. M., Turschwell, M. P., Adame, M. F, Giriffiths, L., Holgate,
B., Rayner, T. S., Tulloch, V. J. D., Chowdhury, M. R., zu Ermgassen, P. S. E., Lee, S. Y., Lillebg, A. |., Mackey, B.,
Maxwell, P. S., Rajkaran, A., Sousa, A. I., & Connolly, R. M. (2021). Global typologies of coastal wetland status to
inform conservation and management. Ecological Indicators, 131, 108141.

Silliman, B. R., & Bertness, M. D. (2002). A trophic cascade regulates salt marsh primary production. PNAS, 99(16),
10500-10505.

Silliman, B. R., & Bertness, M. D. (2004). Shoreline development drives invasion of Phragmites australis and the
loss of plant diversity on New England salt marshes. Conservation Biology, 18(5), 1424-1434.

Silvestri, S., & Marani, M. (2004). Salt-marsh vegetation and morphology: Basic physiology, modelling and remote
sensing observations. In S. Fagherazzi, L. Blum, & M. Marani (Eds.), Ecogeomorphology of tidal marshes (pp.
5-25). American Geophysical Union, Coastal and Estuarine Monograph Series.

Smith, S. M., & Warren, R. S. (2012). Vegetation responses to tidal restoration. In C. T. Roman, & D. M. Burdick
(Eds.), Tidal marsh restoration: A synthesis of science and management (pp. 59-80). Island Press.

Sousa, A. |, Lillebg, A. I., Cagador, |., & Pardal, M. A. (2008). Contribution of Spartina maritima to the reduction
of eutrophication in estuarine systems. Environmental Pollution, 156(3), 628-635. https://doi.org/10.1016/].
envpol.2008.06.022

Sousa, A. ., Lillebg, A. I., Risgaard-Petersen, N., Pardal, M. A., & Cacador, |. (2012). Denitrification: An ecosystem
service provided by salt marshes. Marine Ecology Progress Series, 448, 79-92. https://doi.org/10.3354/meps09526

Statistics Canada. (2021). Accounting for ecosystem change in Canada. Human Activity and the Environment.
Retrieved March 8, 2022, from https://www150.statcan.gc.ca/n1/pub/16-201-x/16-201-x2021001-eng.htm

Statistics Canada. (2022). Census of environment: A roadmap to environmental and economic sustainability.
Retrieved January 31, 2022, from https://www.statcan.gc.ca/en/subjects-start/environment/census

Stewart, D. (2021). Undetected but widespread: The cryptic invasion of non-native cattail (Typha spp.) in a Pacific
Northwest estuary. Master’s thesis, University of British Columbia, UBC Theses and Dissertations. https://doi.
org/10.14288/1.0397016

Sun, C., Fagherazzi, S., & Liu, Y. (2018). Classification mapping of salt marsh vegetation by flexible monthly NDVI
time-series using Landsat imagery. Estuarine, Coastal and Shelf Science, 213, 61-80.

Sutherland, W., & Walton, D. (1990). The changes in morphology and demography of Iris pseudacorua L. at different
heights on a saltmarsh. Functional Ecology, 4(5), 655-659.

Sutton-Grier, A. E., Wowk, K., & Bamford, H. (2015). Future of our coasts: The potential for natural and hybrid
infrastructure to enhance the resilience of our coastal communities, economies and ecosystems. Environmental
Science & Policy, 51, 137-148.

Taghadosi, M. M., Hasanlou, M., & Eftekhari, K. (2019). Soil salinity mapping using dual-polarized SAR Sentinel-1
imagery. International Journal of Remote Sensing, 40(1), 237-252. https://doi.org/10.1080/01431161.2018.1512
767

Thomsen, P. F, & Willerslev, E. (2015). Environmental DNA — An emerging tool in conservation for monitoring past
and present biodiversity. Biological Conservation, 183, 4-18. https://doi.org/10.1016/j.biocon.2014.11.019

Thornton, A., Luisetti, T., G. G., Donovan, D., Phillips, R., & and Hawker, J. (2019). Initial natural capital accounts
for the UK marine and coastal environment. Final Report. Report prepared for the Department for Environment
Food and Rural Affairs.

Tiner, R. W. (2009). Field guide to tidal wetland plants of the northeastern United States and neighboring Canada.
Ambherst, Massachusetts: University of Massachusetts Press.

Tobias, C., & Neubauer, S. C. (2019). Salt marsh biogeochemistry — An overview. In G. M. Perillo, E. Wolanski, D.
R. Cahoon, & C. S. Hopkinson (Eds.), Coastal wetlands: An integrated ecosystem approach (pp. 539-596). Elsevier
B.V.

Trégarot, E., Catry, T., Pottier, A., EI-Hacen, E.-H. M., Cheikh, M. A, Cornet, C. C., Marchéchal, J.-P,, & Failler, P. (2021).
Coastal protection assessment: A tradeoff between ecological, social, and economic issues. Ecosphere, 12(2).

Statistics Canada — Catalogue no. 16-001-M2022001



https://doi.org/10.1016/j.envpol.2008.06.022
https://doi.org/10.1016/j.envpol.2008.06.022
https://doi.org/10.3354/meps09526
https://doi.org/10.3354/meps09526
https://www150.statcan.gc.ca/n1/pub/16-201-x/16-201-x2021001-eng.htm
https://www.statcan.gc.ca/en/subjects-start/environment/census
https://doi.org/10.14288/1.0397016
https://doi.org/10.14288/1.0397016
https://doi.org/10.1080/01431161.2018.1512767
https://doi.org/10.1080/01431161.2018.1512767
https://doi.org/10.1016/j.biocon.2014.11.019
https://doi.org/10.1016/j.biocon.2014.11.019

Valuing the Salt Marsh Ecosystem: Developing Ecosystem Accounts

Turner, N. J., Deur, D., & Lepofsky, D. (2013). Plant management systems of British Columbia’s first peoples. BC
Studies: The British Columbian Quarterly, 179, 107-133.

Turner, R. E. (2011). Beneath the salt marsh canopy: Loss of soil strength with increasing nutrient loads. Estuaries
and Coasts, 34, 1084-1093.

United Nations et al. (2021). System of Environmental-Economic Accounting — Ecosystem Accounting (SEEA EA).
White cover publication, pre-edited text subject to official editing. Retrieved March 8, 2022, from https://seea.
un.org/ecosystem-accounting

United States Geological Survey National Wetlands Research Center. (n.d.). Coastwide reference monitoring
system. Retrieved December 8, 2021, from https://www.lacoast.gov/crms/

United States National Parks Service. (n.d.). Northeast temperate inventory & monitoring network: Rocky intertidal
community monitoring in Northeast temperate network parks. Retrieved December 8, 2021, from https://www.nps.
gov/im/netn/rocky-intertidal-community.htm

University of New Hampshire, National Estuarine Research Reserve System. (n.d.). eDNA in estuaries. Retrieved
January 31, 2022, from https://www.estuarydna.org/

Valiela, 1., Cole, M. L., McClelland, J., Hauxwell, J., Cebrian, J., & Joye, S. B. (2000). Role of salt marshes as part
of coastal landscapes. In M. Weinstein, & D. A. Kreeger (Eds.), Concepts and controversies in tidal marsh ecology
(1 ed., pp. 23-36). Dordrecht: Springer. https://doi.org/10.1007/0-306-47534-0

Valiela, I., McClelland, Hauxwell, J., Vehr, P. J., Hersh, D., & Foreman, K. (1997). Macroalgal blooms in shallow
estuaries: Controls and ecophysiological and ecosystem consequences. Limnology and Oceanography, 45(5, part
2), 1105-1118.

Van Beijma, S., Comber, A., & Lamb, A. (2014). Random forest classification of salt marsh vegetation habitats using
quad-polarimetric airborne SAR, elevation and optical RS data. Remote Sensing of Environment, 149, 118-129.

Van Eerdt, M. M. (1985). The influence of vegetation on erosion and accretion in salt marshes of the Oosterschelde,
The Netherlands. Vegetation, 62, 367 — 373.

Vince, S. W., & Snow, A. A. (1984). Plant zonation in an Alaskan salt marsh. Journal of Ecology, 72, 651-667.

Vind, I. (2018). Developing ecosystem services accounts from land accounts. Danmarks Statistik. Kobenhavn:
Danmark Statistik.

Vivian-Smith, G., & Stiles, E. W. (1994). Dispersal of salt marsh seeds on the feet and feathers of waterfowl.
Wetlands, 14(4), 316-319.

Vuik, V., Heo, H. Y., Zhu, Z., Borsje, B. W., & Jonkman, S. N. (2018). Stem breakage of salt marsh vegetation
under wave forcing: A field and model study. Estuarine, Coastal and Shelf Science, 200(5), 41-58. https://doi.
org/10.1016/j.ecss.2017.09.028

Wang, H., Hsieh, Y. P, Harwell, M. A., & Huang, W. (2007). Modeling soil salinity distribution along topographic
gradients in tidal salt marshes in Atlantic and Gulf coastal regions. Ecological Modelling, 201, 429-439.

Warren, R. S., Fell, P. E., Grimsby, J. L., Buck, E. L., Rilling, C., & Fertik, R. A. (2001). Rates, patterns, and impacts of
Phragmites australis expansion and effects of experimental Phragmites control on vegetation, macroinvertebrates,
and fish within tidelands of the Lower Connecticut River. Estuaries, 24(1), 90-107.

Wasson, K., Jeppesen, R., Endris, C., Perry, D. C., Woolfolk, A., Beheshti, K., Rodriguez, M., Eby, R., Watson,
E. B., Rahman, F, Haskins, J., & Hughes, B. B. (2017). Eutrophication decreases salt marsh resilience through
proliferation of algal mats. Biological Conservation, 212(A), 1-11. https://doi.org/10.1016/j.biocon.2017.05.019

Watmough, S., Rabinowitz, T., & Baker, S. (2017). The impacts of pollutants from a major northern highway on
an adjacent hardwood forest. Science of the Total Environment, 579(1), 409-419. https://doi.org/10.1016/j.
scitotenv.2016.11.081

Weinstein, M. P, & Balletto, J. H. (1999). Does the common reed, Phragmites australis, affect essential fish habitat?
Estuaries, 22(3B), 793-802.

Weis, J. S., & Weis, P. (2004). Metal uptake, transport and release by wetland plants: Implications for phytoremediation
and restoration. Environment International, 30, 685-700.

Statistics Canada — Catalogue no. 16-001-M2022001



https://seea.un.org/ecosystem-accounting
https://seea.un.org/ecosystem-accounting
https://www.lacoast.gov/crms/%0D
https://www.lacoast.gov/crms/%0D
https://www.nps.gov/im/netn/rocky-intertidal-community.htm

https://www.nps.gov/im/netn/rocky-intertidal-community.htm

https://www.estuarydna.org/
https://doi.org/10.1007/0-306-47534-0
https://doi.org/10.1007/0-306-47534-0
https://doi.org/10.1007/0-306-47534-0
https://doi.org/10.1016/j.ecss.2017.09.028
https://doi.org/10.1016/j.ecss.2017.09.028
https://doi.org/10.1016/j.biocon.2017.05.019
https://doi.org/10.1016/j.biocon.2017.05.019
https://doi.org/10.1016/j.scitotenv.2016.11.081
https://doi.org/10.1016/j.scitotenv.2016.11.081

Valuing the Salt Marsh Ecosystem: Developing Ecosystem Accounts

Whitfield, A. K. (2017). The role of seagrass meadows, mangrove forests, salt marshes and reed beds as nursery
areas and food sources for fishes in estuaries. Reviews in Fish Biology and Fisheries, 27(1), 75-110.

Willemsen, W. J. M., Borsje, B. W., Vuik, V., Bouma, T. J., & Hulscher, S. J. (2020). Field-based decadal wave
attenuating capacity of combinded tidal flats and salt marshes. Coastal Engineering, 156. https://doi.org/10.1016/j.
coastaleng.2019.103628

Wu, W. (2019). Accounting for spatial patterns in deriving sea-level rise thresholds for salt marsh stability: More
than just total areas? Ecological Indicators, 103, 260-271.

Xue, J., & Su, B. (2017). Significant remote sensing vegetation indices: A review of developments and applications.
Journal of Sensors, 2017, 1353691. https://doi.org/10.1155/2017/1353691

Yerkes, T. (n.d.). The salt marsh sovereign. Retrieved February 4, 2022, from Ducks Unlimited: https://www.ducks.
org/conservation/waterfowl-research-science/the-salt-marsh-sovereig

Zhao, L.-X., Ge, Z.-M., van de Koppel, J., & Liu, Q.-X. (2019). The shaping roles of self-organization: Linking
vegetation patterning, plant traits and ecosystem functioning. Proceedings of the Royal Society B, 286, 20182859.
https://doi.org/10.1098/rspb.2018.2859

Ziegler, S. L., Baker, R., Crosby, S. C., Colombano, D. D., Barbeau, M. A., Cebrian, J., Connolly, R. M., Deegan, L. A.,
Gilby, B. L., Mallich, D., Martin, C. W., Nelson, J. A., Reinhardt, J. F.,, Simenstad, C. A., Waltham, N. J., Worthington,
T. A, & Rozas, L. P. (2021). Geographic variation in salt marsh structure and function for nekton: A guide to finding
commonality across multiple scales. Estuaries and Coasts, 44, 1497-1507. https://doi.org/10.1007/s12237-020-

00894-y

Statistics Canada — Catalogue no. 16-001-M2022001



https://doi.org/10.1016/j.coastaleng.2019.103628
https://doi.org/10.1016/j.coastaleng.2019.103628
https://doi.org/10.1155/2017/1353691
https://www.ducks.org/conservation/waterfowl-research-science/the-salt-marsh-sovereig
https://doi.org/10.1098/rspb.2018.2859
https://doi.org/10.1098/rspb.2018.2859
https://doi.org/10.1007/s12237-020-00894-y
https://doi.org/10.1007/s12237-020-00894-y

Valuing the Salt Marsh Ecosystem: Developing Ecosystem Accounts

Appendix A - Extent methods

Salt marsh extent was calculated using the best available data sets with salt marsh delineation. Analyses were
completed using ArcMap 10.8.1. Polygon, line, and point datasets were analyzed separately. Salt marsh polygons
were extracted from respective datasets using the ecosystem classification unique to salt marshes or salt marsh
vegetation types in each dataset as outlined in the respective metadata. Where necessary, Canadian salt marsh
polygons were extracted from international data. Overlapping polygons were dissolved to create polygons that
reflected maximum salt marsh extent boundaries except in New Brunswick where 2021 provincial data was used
instead of international data. Line datasets were merged and the marsh shoreline classification was extracted.
Marsh lines along the Great Lakes, beyond the southern reach of the Gulf of Saint Lawrence marine bioregion, and
tributaries to the Gulf of Saint Lawrence were removed as they were deemed to be freshwater marshes. Canadian
salt marsh points were extracted from international data. Points that were several kilometres inland or in the ocean
were examined. They were removed if metadata did not provide an adequate explanation of their location, or
manually moved nearer to the coast if other data sources confirmed the regional presence of salt marsh. Lines
that intersected polygons and points within 1 km of polygons or lines were removed to create mutually exclusive
records of salt marsh extent among the data types.
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Appendix B — Glossary
Abiotic: non-living

Accretion: the process by which salt marsh soils are built—the gradual accumulation and cohesion of sediment
and organic matter on the marsh surface

Attenuation: reduction of the force, effect, or value of something
Beneficiary: the user or receiver who derives advantage(s) from ecosystem services
Biomass: mass of organic matter in organisms, or a particular type of organism

Built-up areas: areas that are predominantly developed, such as road surfaces, buildings, urban areas, and
industrial sites at a resolution of 30 m or greater

Carbon sequestration: the process through which carbon is captured from the atmosphere and stored in
ecosystems

CHS: Canadian Hydrographic Service
Citizen science: the participation of the public in scientific research
Competition: the interaction between organisms or species where each are trying to use the same resources

Crowdsourced: data or information obtained by enlisting the services of a large number of people, typically
through the internet

Cultural keystone species: a species that is of great importance to a culture or people
Digital elevation model (DEM): a model of the Earth’s surface

Dyke: an earthen ridge built to prevent flooding behind it, with one-way gates, called aboiteaux, that allow water
drainage from the upland side but close to prevent flooding in the opposite direction

Ecosystem accounts: application of a spatially explicit accounting framework to environmental data to track
change in extent, condition and ecosystem services

Ecosystem services: the ecosystem contributions to the benefits that humans gain from the natural environment
Elevation: elevation relative to mean sea level

Endemic species: species that only occur in a specific geographic location

Estuary: the ocean-tidally influenced transitional zone at the mouth of a freshwater river where it meets the ocean

Evapotranspiration: the process of evaporation and transpiration from the Earth’s surfaces and organisms that
transfers water from the land into the atmosphere

Final services: ecosystem services from which humans directly benefit
GBIF: Global Biodiversity Information Facility

Herbivory: grazing on plants by animals

Hydroperiod: the length of time an area of land is wet

Indicator species: a species that is sensitive to environmental change whose condition can be used to indicate
the health of its native environment

Intertidal: the coastal zone which is flooded between high and low tide
IUCN: International Union for Conservation of Nature

Keystone species: a species that has a large effect on its native environment
Marine edge: the edge of a marsh where it meets the ocean

Marsh: used interchangeably with “salt marsh”

Metric: Used here to describe a general method of measurement for a variable
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Migration: describing the horizontal movement of a salt marsh, typically landward

NDVI: Normalized difference vegetation index

Panne: shallow depressions or pools in the salt marsh surface that hold water

Primary production: production of organic substances through the process of photosynthesis
Proxy: an indirect representation

Protected or conserved area: An area that is conserved and meets Aitchi 11 standards. A protected area is
an area dedicated to conservation, while a conserved area can be dedicated to other objectives as long as it is
effectively conserving biodiversity.

Recruitment: reaching a certain size or age that allows a fish to be caught

Rhizomes: underground stems

Salt marsh: any marsh that is periodically flooded with brackish or saline ocean waters
SEEA-EA: System of Environmental-Economic Accounting — Ecosystem Accounting
Sedimentation: the process of sediment deposition

Services: see Ecosystem services

Specialist species: species that can only survive in a specific range of conditions
Species richness: the number of unique species in a community

Terrestrial: describing land or land-dwelling organisms

Terrestrial edge: the edge of a marsh where it meets the land

Tidal hydrology: characteristics of or the study of Earth’s tidal waters, including their movement. In this paper,
used to describe the characteristics of tidal flooding including duration, frequency and depth

Tidal wetland: used interchangeably with salt marsh
Topography: the features of the Earth’s surface

Variable: a component relating to ecosystem condition or ecosystem services which will be measured in some
way in the ecosystem accounts

Vegetation community: a collection of different vegetation species that live together in a place

Vegetation index (VI): a calculation using multiple spectral bands from imagery that indicates vegetation structural
properties

Wrack: a mat of plant debris, usually dead, that is floated by tides and can be deposited onto salt marshes
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