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Abstract

Microplastics are ubiquitous in the world's oceans and have negatively impacted marine biota
and ecosystem health. The Salish Sea, an inland sea ranging from Vancouver to Puget Sound, is
an ecologically significant ecosystem. This study determined the areas in the Northern Salish
Sea in which microplastics are likely to accumulate and subsequently where they are likely to
cause ecological harm. Modelling and weighted raster analysis was performed using Geographic
Information Systems (GIS). Areas of highest risk were identified, four key ecological areas of
concern in relation to the results were investigated, and the potential impacts of microplastics on
two key sensitive species (southern resident killer whales and Chinook salmon) were discussed.
By identifying vulnerable areas and where microplastics are likely to accumulate, the results
could be helpful for conservation managers, fisheries management, and natural resource
managers.
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Introduction
Background
Microplastics, defined as plastic particles less than 5mm in diameter, have become
ubiquitous in the marine environment (Cole et al., 2011; Andrady, 2011). There are two subclasses of microplastics: primary microplastics (produced to be that size, such as microbeads and
pellets) and secondary microplastics (formed through the degradation and fragmentation of
larger plastic sources) (Andrady, 2011). Microplastics are of increasing concern in the marine
environment due to their impacts on biota and humans through ingestion and their ability to
leach and absorb toxicants (Guzzetti et al., 2018; Koelmans et al., 2014). Microplastic research
has been conducted at many scales, from individual rivers and watersheds to the world's oceans
(Ballent et al., 2016; McCormick et al., 2014; Hale et al., 2020). While there is merit for studies
at any scale, this research is on a smaller scale, focused on an inland sea on the western coast of
British Columbia and Washington State, the Salish Sea.
The Salish Sea is an inland sea named in honour of the Coast Salish peoples. The Salish
Sea includes what is colloquially known as the Strait of Juan de Fuca, Puget Sound, and the
Strait of Georgia (Figure 1). The combination of depth and exposure to wind and current patterns
cause the upwelling of cold, nutrient-rich water, creating a biodiversity hotspot. The Salish Sea is
home to an estimated 37 species of mammals, 172 species of birds, 253 species of fish, and more
than 3000 species of invertebrates (Gaydos & Pearson, 2011). Currently, 125 species are listed as
endangered or at risk (Zier & Gaydos, 2016). Given the known threats of microplastics to marine
biota and the known marine food web relationships, the Salish Sea is an essential marine region
to study to better understand, predict, and potentially mitigate microplastic accumulation.
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Figure 1.
The Salish Sea. An inland sea of the Pacific Ocean on the west coast of British Columbia and
Washington State. The Salish Sea encompasses the Strait of Juan de Fuca, Puget Sound, and the
Strait of Georgia.
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The Salish Sea holds great importance for me as I have spent four years as a marine
naturalist, witnessing the beauty and biodiversity of the Salish Sea. Unfortunately, it has seen a
decline in one of the most well-known species in the Salish Sea, the southern resident killer
whales (SRKW) (Rehberg-Besler & Jefferies, 2019; Wasser et al., 2017). Various factors are
contributing to the stark decline in their populations, such as marine disturbance, habitat
degradation, and lack of chinook salmon (their primary food source) (Ayres et al., 2012; Parsons
et al., 2009). However, one factor that is receiving growing research attention is the exposure of
SRKW to toxicants such as polychlorinated biphenyls (PCBs) and the adverse effects the
toxicants have on their health (Desforges et al., 2018; Hickie et al., 2007). These toxicants and
others of concern (i.e., polybrominated diphenyl ethers, bisphenol-A, alkylphenols, and other
endocrine-disrupting chemicals) are known to be present in the marine environment. Therefore,
as demonstrated in the literature, toxicants have the potential to be adsorbed to microplastics in
the same environment (Alimba & Faggio, 2019; Rodrigues et al., 2019; Ziccardi et al., 2016).
Given the emergence of literature identifying the degree of toxicological impacts of
microplastics on marine biota of various trophic levels, the potential physical and toxicological
effects of microplastics on SRKW and their habitat should be considered.
Given the physical properties of microplastics, such as their size, buoyancy, and ability to
be transported great distances in the marine environment by wind and waves (Ballent et al.,
2021; Zhang, 2017), conducting adequate studies at an ecosystem level is challenging. The
ongoing advancements in technologies and computer software provide practical tools for
ecosystem-level studies, specifically in the marine environment (Rose et al., 2010; Wright &
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Heyman, 2008). Therefore, spatial analysis provides an opportunity to explore this topic
efficiently and robustly.
Geographic Information Systems (GIS) provides critical tools for storing, retrieving,
analyzing, and displaying spatial data (Burrough, 2001). GIS applications in various fields,
including geography, anthropology, engineering, forestry, and, as will be explored through this
research, ecotoxicology (Awange & Kiema, 2019). Specifically, GIS has been used to model
marine plastic and associated risk (Besseling et al., 2019). For example, Guerrini et al. (2019)
modelled marine plastic litter data from three primary sources (untreated coastal waste, plastic
discharge from rivers, and along shipping routes) with fin whale habitat and movement patterns
to determine the risk of microplastic to fin whales. Additionally, and most applicable to this
work, Harr et al. (2019) used GIS to determine sites where marine litter is most likely to
accumulate using topographic data. Therefore, GIS is a relevant and applicable tool for this
research for data collection and meeting the objectives.
Research Objective and Question
In performing this research, I am seeking to meet two key objectives. Firstly, to
determine areas in which microplastics are likely to accumulate; and secondly, to determine
where the accumulation could cause the most ecotoxicological harm. In doing so, I will answer
the following research question: In which areas of the Salish Sea are the risks of microplastic
accumulation and ecological effects the greatest? I hope that this work can be used to identify
and understand potential risk areas, thus integrating the results into informed marine risk
assessment and decision-making.
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Importance
This research is novel and can be a framework for marine risk assessment, specifically
dealing with microplastics. By identifying vulnerable areas and where microplastics are likely to
accumulate, the results could be helpful for conservation managers, fisheries management, and
natural resource managers. If successful, this work can be applied at a broader scale, and even
globally, to understand the risks posed by microplastics in the marine environment. This project
is novel in that GIS has not been previously used for microplastic risk assessment. Therefore,
creating a model will allow variables to be changed according to the study region by researchers
and environmental managers in the future. Specifically, this project can be used as a framework
to apply in different sensitive marine habitats in British Columbia, such as the Great Bear
Rainforest coastal region.
Using GIS for Marine Risk Assessment and Risk Management
This study is an example of how GIS can be applied to marine risk assessment, marine
risk management, and specifically to microplastics research. As with any methodological
framework, there are benefits and limitations of using GIS in general and applying GIS to marine
microplastic risk assessment.
Benefits of using GIS for Marine Risk Assessment and Risk Management
There are various benefits of GIS based on the user's diverse objectives. Specifically, in
my analysis, there are two main benefits. Firstly, using GIS allows the visualization of spatial
information in multiple ways to understand results, trends and patterns (Paramasivam, 2019;
Varatharajan et al., 2018). Secondly, GIS allows users to link refined datasets with existing
spatial data for data modelling and analysis (Paramasivam, 2019; Awange & Kiema, 2019).
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Combining these two benefits makes GIS an effective decision-making tool, and methodology
can help make predictions, assess risk, and identify potential hazards (Paramasivam, 2019).
Specifically, for microplastic research, GIS provides flexibility in the scale and scope of analysis
that would be otherwise challenging and costly to do in the field.
Limitations of using GIS for Marine Risk Assessment and Risk Management
GIS is an effective tool, but some inherent flaws and limitations arise, technically and
personally, that could impact analysis results if not considered and addressed effectively.
Depending on the scale quality of data, there can be a loss of visual resolution, decreasing
accuracy and clarity (Paramasivam, 2019). The accuracy and precision of the data presented are
a function of the map scale (Paramasivam, 2019). The quality of data collected directly affects
GIS analysis, increasing the chance for error and uncertainty when using data you did not collect
yourself (Paramasivam, 2019). Therefore, it is vital to understand how data was collected and
thoroughly review metadata before using external data sources. Additionally, presenting nonspatial data after geocoding and creating shapefiles can result in a lack of precision
(Paramasivam, 2019). Data quality and precision are often a function of the methodology and
rigour of the people collecting and interpreting data. The quality of data collected directly affects
the result of GIS analysis, thereby increasing the chance for error when using data you did not
collect yourself. Therefore, human additive error when performing error-prone interpretation can
lead to inaccurate and ineffective decision-making (Paramasivam, 2019).
Scope of research
While the entire Salish Sea is important, this research is focussed on the Canadian areas
of the Salish Sea, specifically the regions of the Juan de Fuca Strait, Haro Strait and Rosario
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Passage, the Interior Gulf Islands, and the Southern and Central Strait of Georgia as a case study
(Figure 2). This is based on three reasons: (1) maintaining a narrow, manageable scope within
Canadian jurisdiction; (2) ecological significance; and (3) data availability, supplemented by the
previous work conducted by the British Columbia Marine Conservation Analysis (BCMCA)
(2013). Specifically, the area's ecological significance as the critical habitat for the SRKW
inspired the chosen scope.

ECOTOXICOLOGICAL IMPACTS OF MICROPLASTICS

21

Figure 2.
The study area for GIS analysis. The area includes the coastal waters of the Alberni-Clayoquot
Regional District, Nanaimo Regional District, Cowichan Valley Regional District, the Sunshine
Coast, the Greater Vancouver Regional District, and the Capital Regional District.
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The Salish Sea is an essential feeding and breeding habitat for the SRKW (Hauser et al.,
2007). While their range extends from California to Alaska, the SRKW commonly return to the
Salish Sea to feed on the Chinook Salmon as they run to and from the Pacific Ocean and their
freshwater spawning grounds (Hanson et al., 2010; Shields et al., 2018). Additionally, SRKW
spend time within the Salish Sea while pregnant and when birthing their calves. Therefore, the
chosen scope is appropriate for both feasibility and ecological significance when considering
SRKW conservation.
Limitations
There are potential challenges and limitations which may affect this research. Firstly, a
lack of data or strict regulations over attaining data may be a barrier to completing a holistic
model and map. Secondly, there are inherent sources of error in data analysis and sediment
sampling, which may lead to poor results. A third limitation, which is now a delimitation of the
study, is the international range of the Salish Sea. The initial intent was to conduct the analysis
for the entire Salish Sea as displayed in Figure 3, including the waters of Canada and the United
States. However, there was a challenge due to acquiring continuous and accurate data for the
entire region when there are two jurisdictions.
Additionally, to validate the results in the field, samples would need to be collected.
Given the current and ongoing travel restrictions due to the global Covid-19 pandemic, such
travel was not feasible. Therefore, the focus is on the Canadian portion of the Salish Sea, as seen
in Figure 2.
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Literature Review
This literature review is written in two parts to (1) introduce the base concepts of
microplastics and ecotoxicological impacts of microplastics in the marine environment; and (2)
explore how researchers in the marine risk assessment field use GIS technology and modelling to
predict and solve problems. The overall objective for this literature review is to gain a baseline
understanding of the scope of the problem of microplastics and to understand how GIS can be
used to address this problem.
The Plastic Cycle
In their 2019 publication, Bank and Hansson summarized the sources, sinks, and impacts
of microplastics in the marine environment and named it the Plastic Cycle (Figure 3).
Microplastics enter the marine environment directly as microplastics or because of larger plastics
degrading (Horton & Dixon, 2018). Jambeck et al. (2015) estimated that 4.8 to 12.7 million tons
of plastic waste entered the ocean in 2010 and predicted that the value would increase by several
orders of magnitude by 2025. Microplastics enter the marine environment through wastewater
and rainwater runoff from hygiene products, cleaning products, and clothing by-products
(Horton & Dixon, 2018). Other plastics enter the marine environment as pollution from singleuse plastics and fishing gear, often in higher levels closer to populated urban centres (Horton &
Dixon, 2018). Plastics are subject to degradation through chemical, photooxidative, and
biological processes, resulting in fragments, including microplastics (Zhang et al., 2017).
Additionally, microplastics are present in atmospheric dust, where they can then be deposited
back into the environment through precipitation (Bank & Hansson, 2019; Dehghani et al., 2017).
The final component of the Plastic Cycle includes the biological exposure pathways through the
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marine food web, where microplastics and their adsorbed toxicants move through the food web
and biomagnify from low trophic levels to high trophic levels. The Plastic Cycle highlights the
complexity of marine microplastic pollution and the importance of understanding the breadth of
the physical, chemical, and biological characteristics.
Figure 3.
The Plastic Cycle. Adapted from Bank & Hansson, 2019.

Physical and Chemical Characteristics of Microplastics
Microplastics can be of various shapes, sizes, and colours, depending on their parent
material or how they were manufactured (Cole et al., 2011). The most common plastics and
microplastics are polypropylene, polyethylene, and polystyrene (Teuten et al., 2009). Various
chemicals (e.g., polychlorinated biphenyls, polycyclic aromatic hydrocarbons, dichlorodiphenyl-trichloroethane and its metabolites, polybrominated diphenyl ethers, alkylphenols, and
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bisphenol-A) are released into the marine environment during the process of plastic
fragmentation into secondary microplastics (Alimba & Faggio, 2019). These chemicals are
commonly added to plastics during the manufacturing process to improve their final properties.
They cause various harmful effects to marine biota (Guzzetti et al., 2018).
Impacts of Microplastics on Marine Biota
The physical and chemical characteristics of microplastics pose threats to marine biota in
a variety of ways. Firstly, microplastics are easily ingested due to their small size by various
species, from zooplankton to baleen whales (Cole et al., 2011; Fossi et al., 2012). Trophic level
interactions and resulting bioaccumulation of microplastics and associated toxicants are known
to be of concern (do Sul & Costa, 2014; Cole et al., 2011). When ingested, physical damages
may occur, such as choking, starvation, and damage to internal organs (Alimba & Faggio, 2019;
Guzetti et al., 2018). Additionally, damages arise due to the chemical characteristics of MPs,
such as disturbances to metabolism, DNA alteration, immunological impairment, hormonal
alterations, and histological damage (Prokić et al., 2019). Particle density, abundance, colour,
and size influence the overall bioavailability of microplastics, where smaller particles are more
likely to be ingested and accumulate in marine biota (Guzetti et al., 2018). Researchers have
performed many studies detailing the impacts of microplastics on marine biota, from
zooplankton to baleen (Table 1).
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Table 1.
Examples of research documenting the presence or impacts of microplastics on marine
organisms.
Species

Description

Atlantic mackerel

Microplastics were detected in 100%

(Scomber scombrus)

(n=19) of samples taken along the south

Reference
Lopes et al., 2020

Liberian coast.
European seabass

Microplastics influence the

(Dicentratchus labrax)

bioaccumulation of mercury by D. labrax.

Barboza et al., 2018

in a laboratory setting.
Chinook salmon

Microplastics were detected in tissue

(Oncorhynchus

samples of juvenile salmon off the

tshawytscha)

eastern coast of Vancouver Island.

Grey Seal (Halichoerus

Microplastics were found in 8 of 15 scat

grypus)

samples analyzed in a laboratory setting

Collicut et al., 2019

Nelms et al., 2019

after being fed Atlantic Mackerel in a
laboratory setting (Scomber scombrus).
Humpback whale

Microplastics were documented in the

(Megaptera

gastrointestinal system of necropsied

novaeangliae)

humpback whale found on the shores of

Besseling et al., 2015

Texel Island in the Netherlands.
Harbour seal (Phoca

Blubber biopsies revealed high

vitulina)

concentrations of microplastics and PCBs

Cullon et al., 2012

in Harbour seals in the Strait of Georgia,
British Columbia.
Mediterranean fin whale

Microplastics were detected throughout

(Baleenoptera physalus)

feeding grounds in the Mediterranean Sea
and the Sea of Cortez, and in tissue

Fossi et al., 2012
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samples of whales in the feeding grounds,
as shown by tissue biopsies.
Mediterranean Mussel

Microplastics were found in ~50% of

(Mytilus

collected individuals from the Ionian Sea.

Digka et al., 2018

galloprovincialis)
Northern fur seal

Microplastic particles were found in 55%

(Callorhinus ursinus)

(n=44) of scat samples from St. Paul

Donohue et al., 2019

Island and Bogoslop Island in Alaska
Sea urchin (Tripneustes

Microplastics found in sea urchin larvae

gratilla)

under laboratory control. Plastic particles

Kaposi et al., 2014

were found in all larvae except for the
control which was not exposed to
microplastics.
Zooplankton (various

Ingestion of microplastics has been

species)

documented in 39 zooplankton species

Botterell et al., 2019

from 28 taxonomic orders.
The Potential Impacts of Microplastics on the Marine Biota of the Salish Sea
Species of all trophic levels in the Salish Sea have the potential to ingest microplastics
(do Sul & Costa, 2014). The Salish Sea is home to an estimated 37 species of mammals, 172
species of birds, 253 species of fish, and more than 3000 species of invertebrates, all of which
could be exposed to microplastics (Gaydos & Zier, 2014). While it is beyond the scope of this
work to fully identify the potential impacts to all species, existing literature can help infer the
effects on the Salish Sea food web. For example, Hipfner et al. (2018) studied the potential role
of Pacific sand lance (Ammodytes personatus) and Pacific herring (Clupea pallasii) as vectors of
microplastics in the Salish Sea food web. They examined the stomach content of 734 sand lance
and 205 herring and found microplastics in 1.5% and 2.0% of the stomachs, respectively
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(Hipfner et al., 2018). Collicut et al. (2019) also determined that microplastics were present in
the tissues of juvenile Chinook salmon (Oncorhynchus tshawytscha) on the east coast of
Vancouver Island and the surrounding water and sediment. While some species can easily ingest
microplastics, additional factors increase the bioavailability of particles.
A significant factor influencing the bioavailability of microplastics throughout the trophic
web, particularly in smaller organisms, is biofouling. Biofouling is the buildup of organic matter
and organisms on a surface (Bixler & Bhushan, 2012; Kaiser et al., 2017; Kooi et al., 2017). The
buildup of organic matter causes microplastics to become integrated into the food web easier
because copepods and small fish mistake the particles for their typical food sources, such as
algae and zooplankton. Additionally, biofouling changes the density of microplastic particles and
can cause them to sink and become integrated into sediment and the benthic food web (Fazey &
Ryan, 2016; Kaiser et al., 2017; Kooi et al., 2017). Therefore, given the findings revealing
microplastic ingestion by zooplankton (i.e., Botterell et al., 2019), molluscs (i.e., Digka et al.,
2018), and fish at various trophic levels from sand lance to salmon, and given the knowledge of
microplastic bioaccumulation, the potential routes of microplastic exposure in the Salish Sea can
be inferred (Figure 4).
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Figure 4.
Microplastics in the (simplified) Salish Sea food web. Figure adapted from the information
presented in Gaydos & Pearson, 2011 in their guide, and personal knowledge gained as a
marine naturalist from 2015 to 2019 with the Shaw Centre for the Salish Sea and Five Star
Whale Watching.

Transport Patterns of Microplastics in Coastal Seas
Harris (2020) concluded that microplastics could be included in the discipline of physical
sedimentology because of their solid, transportable forms. In open seas, buoyant microplastics
either float in the surface microlayer or are suspended in the water column, subjected to surface
currents (Zhang et al., 2017). Microplastic trajectories in the marine environment can be complex
due to hydrodynamic mixing processes, currents, climate, substrate, depth, and the density and
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surface area of the microplastic particles (Zhang et al., 2017; Browne et al., 2011). In the
nearshore coastal zone, microplastics can become embedded in sediment. Size-specific
sedimentation like sedimentation patterns in a riverbed have been proposed to explain the
distribution pattern of microplastics on coastlines globally (Cózar et al., 2014). Microplastics are
subject to longshore transport, tidal transport, and wave transport in the coastal zone (Zhang et
al., 2017). Additionally, aggregation of microplastics with other organic and inorganic particles
through biofouling and absorption can cause differences in density, and therefore differences in
transportation patterns and settling rates into the sediment (Zhang et al., 2017).
Zhang et al. (2017) summarized three physical characteristics that determine the mobility
and transportation patterns of microplastics in the marine environment. Firstly, low-density
particles with larger surface areas can spend a long time at the sea surface until they lose
buoyancy through aggregation and biofouling. Secondly, high-density particles ultimately sink to
the seafloor, where they are transported as bedload or suspended load, depending on the bottom
layer sediment and turbulence. Finally, many microplastics suspended in the upper ocean mixing
layer move horizontally and vertically depending on hydrodynamic forces, impacting deposition.
Therefore, it is vital to understand the underlying abiotic characteristics that influence
microplastic transportation and accumulation in the marine environment and common sources of
plastics and microplastics from human activities to predict risk and mitigate further problems.
GIS Applications in Ecological and Marine Risk Assessment
While a valuable tool for many disciplines, researchers commonly use GIS in ecology,
ecotoxicology, and marine risk assessment. In this section, I will explore the various innovations
in GIS analysis and modelling to better understand how researchers and practitioners can apply
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GIS to microplastic ecotoxicological risk assessment. Finally, I will explore the direct
applications of GIS in studies focused on marine plastic and microplastic pollution.
Application of GIS in Ecological Studies
GIS is a helpful tool to visualize and understand ecological relationships, including
human dynamics. Stelzenmüller et al. (2010) developed a GIS framework to visualize the
relationship between human pressures, landscape vulnerability, and sensitive marine ecosystems
to assess the potential consequences of marine planning objectives. Wang et al. (2011) used a
semi-quantitative model and fuzzy hierarchy process weighting approach to assess flood risks to
society, farm lands, and the surrounding ecosystem in the Dognting Lake region of Hunan
Province in Central China. Additionally, to develop a model for evaluating the ecological
vulnerability of habitats of high biodiversity conservation interest, Canaini et al. (2016) used GIS
to create an ecological vulnerability index. By integrating the principles of ecological
relationships using GIS, we can visualize and understand potential risks, including
ecotoxicological risks.
Applications of GIS in Marine Ecotoxicology
Advancements in GIS technology have allowed innovations in ecotoxicological
modelling and analysis. Firstly, Jiang et al. (2012) used GIS modelling to perform a risk
assessment for river chemical spills using a previous nitrobenzene spill on the Songhua River.
Similarly, Kankara et al. (2016) used GIS to create a unique "Oil Spill Risk Assessment
Modeler" tool to analyze the risks of oil spills on the Chennai coast in India and create a priority
index of resources that are likely to be impacted by an oil spill. In a holistic approach, Yuan et al.
(2007) developed an integrated modelling system for managing coastal water quality, including
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social, hydrological, geological, economic, and toxicological components (i.e., pollution from
industrial, domestic, and agricultural inputs). Finally, Eccles et al. (2019) demonstrated how GIS
could be used as a standardized platform to integrate data, assess spatial patterns of
ecotoxicological data for multiple species, and evaluate the relationships between chemical
mixture exposures and effects on biota for ecotoxicological risk assessment. These examples
demonstrate the potential to use GIS to analyze and model marine plastic pollution for holistic
risk assessments.
Applications of GIS in Marine Plastic Pollution Studies
GIS has been used to track, visualize, and monitor plastic and microplastic debris in
various marine environments. Researchers have used participatory community mapping, field
sampling, and modelling based on environmental characteristics to study marine microplastics
(Germanov et al., 2018; Shim et al., 2017; Siegfried et al., 2017). Three significant examples can
summarize the use of GIS in marine plastic pollution studies. Firstly, Chukwuma et al. (2019)
performed GIS analysis using raster data surfaces to visualize the variability of plastic leakage
potential from urban land surfaces in Malaysia's Selangor state. Secondly, Bennett-Martin et al.
(2016) used GIS to develop a database of plastic litter on the beaches of Belize by enabling an
online mapping portal to indicate GPS locations where people reported to have observed
microplastics. Such data can subsequently be used for modelling and decision-making. Finally,
Guerrini et al. (2019) modelled marine plastic litter data from three primary sources (untreated
coastal waste, plastic discharge from rivers, and along shipping routes) with fin whale habitat
and movement patterns to determine the risk of microplastic ingestion by fin whales. Their
models revealed the location of the highest risk of plastic litter and the immediate threat to
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cetaceans in the Pelagos Sanctuary for Mediterranean Marine Mammals (Guerrini et al., 2019).
These examples illustrate that GIS is a valuable tool for ecotoxicological risk assessments and
modelling marine plastic pollution.
Summary of Significance
The field of microplastic research is rapidly expanding, with new findings regarding
detection, impacts on species, and impacts on ecosystems as a whole. The research outlined in
this literature review highlights three key concepts that are significant for this study. Firstly,
microplastics are transported in coastal marine environments in predictable ways, and that tides,
currents, and hydrodynamic forces impact settling and transport of microplastic particles (Zhang
et al., 2017; Bank & Hansson, 2019; Harris, 2020). Secondly, microplastics have been ingested
by species at all trophic levels and can therefore be transported through the marine food web
with biomagnification of toxicants (Cole et al., 2011; Fossi et al., 2012; Alimba & Faggio, 2019).
Finally, research shows that GIS is an essential tool to use for microplastic research based on
previous and related studies (Chukwuma et al., 2019; Germanov et al., 2018).
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Methods

Methodological Framework
The methodology was designed to provide a framework for marine microplastic risk
assessment through GIS modelling. A key challenge in marine microplastic risk assessment
across an ecologically significant area is scale (Gouin et al., 2019). This challenge leads to
questioning: How can we effectively predict and manage microplastics at a macro-scale? GIS
provides an opportunity to process and overlay data to analyze and display results (Awange &
Kiema, 2019). Furthermore, using GIS allows efficient, cost-effective, and flexible analysis
techniques for applications to microplastic research (Burrough, 2001; Awange & Kiema, 2019).
Thus, this chosen methodology of GIS modelling and analysis will help provide a baseline for
risk assessment and aid in guiding targeting field sampling and monitoring in the future.
Modelling
Models are abstractions of reality used to represent an object, process, or event
(Choudhary et al., 2018). Using GIS, users can apply many different models, including vector
data models, index models, and stochastic models (Choudhary et al., 2018). However, in my
research, I have chosen to use a raster data model. A raster data model represents the real world
as an array of cells arranged in rows and columns (Burrough, 2001). A suitability model creates a
raster representing suitability as values on a scale, where the highest values are the most suitable
(Burrough, 2001). Three examples of site selection modelling are binary site selection, weighted
site selection, or fuzzy logic site selection (Varatharajan et al., 2018).
My modelling process is a normative spatial simulation. I am reproducing an existing
ecosystem using data, generating multiple possible outcomes, and making hypotheses and
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recommendations based on the results (Malczewski & Rinner, 2015). Specifically, I am
performing weighted site selection. This modelling process allows me to rank cells and assign
relative importance to each data layer involved in the analysis (Hua et al., 2020). In my
modelling process, I am seeking to determine areas within the study site where microplastics
have a high likelihood (risk) of accumulating, and further, where the high-risk zones might
overlap with ecologically sensitive and significant areas. The result of the weighted site selection
is a raster layer indicating the most suitable sites in the study region (Varatharajan et al., 2018;
Hua et al., 2020). In this case, the most suitable sites are where microplastics are the most likely
to accumulate. I performed all analyses using GIS.
GIS Methodological Overview
I conducted the analysis with ESRI's ArcMap Desktop version 10.8. Figure 5 illustrates
an overview of my modelling process, to be expanded upon further in the subsequent section.
Overall, I am modelling the risk of microplastic accumulation and subsequent risk by performing
weighted overlay analysis on a series of relevant data layers that were converted to raster data (as
explained below).
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Figure 5.
GIS analysis methodological overview.

Data
The data chosen for analysis were from two primary sources, the British Columbia
Marine Conservation Analysis (BCMCA) project and the Government of British Columbia
(2021). The BCMCA was a collaborative project that ran from 2006 to 2013 to create tools to
help inform decision-making on the British Columbia coast (British Columbia Marine
Conservation Analysis Project Team, 2011). The BCMCA released its Marine Atlas of Pacific
Canada in 2011, which included detailed maps illustrating ecological and human-use features
and open-sourced data to download for GIS and Marxan analysis. The second primary data
source is the British Columbia provincial government. The provincial government provides
various open-sourced, high-quality and trusted geospatial data through the DataBC portal.
However, the metadata must be verified for accuracy when using the DataBC portal, as I did
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while collecting data sources. Finally, one personal data source used was from a reputable
citizen-science organization (Adventure Scientists) about microplastic distribution and
abundance (Michelle Toshak, personal communication, February 20, 2020).
Overall, I chose the data sources for three reasons. Firstly, the data is open-sourced and
accessible to download as spatial data. Secondly, the sources are reputable (upon verification of
metadata by the user) and used by various levels of government, non-profit organizations, and
scientists. Finally, the data is high-quality (due to the rigourous data collection and compilation
process) and specific to British Columbia, leading to efficient analysis and reliable results.
I first organized the data by its classification as either physical or biological and
ecological. Table 2 outlines the physical data sources, which are from the BCMCA (2011) and
the Government of British Columbia (2021). Table 3 summarizes the biological and ecological
data sources from the BCMCA and the British Columbia provincial government. The
combination of data sources allowed me to perform analysis towards answering my research
question. Before performing any analysis, I had to ensure proper data preparation and formatting.
Table 2.
Summary of data sources for physical characteristics.
Data
Benthic classes

Description

Source

Classification of the seafloor abased on

British Columbia Marine

landscape features, substrate, and depth

Conservation Analysis
(BCMCA, 2011)

Bathymetry

100 metre raster grid showing depth

British Columbia Marine

information for the Canadian Pacific

Conservation Analysis

Exclusive Economic Zone

(BCMCA, 2011)
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High rugosity

Measure of the roughness of seafloor

Government of British

(roughness)

terrain, defined as the ratio of surface area

Columbia and British

to planar area

Columbia Marine
Conservation Analysis
(BCMCA, 2011)

Shorezone exposure

Benthic current

Classification of the grade of the relative

British Columbia Marine

exposure to the elements in nature

Conservation Analysis

(primarily waves) that affect the coastline

(BCMCA, 2011)

Current patterns at the sea floor

Government of British
Columbia (2021)

Tidal current

Modelled values representing average tidal

British Columbia Marine

speeds to portray high tidal current actions

Conservation Analysis
(BCMCA, 2011)

Table 3.
Summary of data sources for ecological characteristics.
Data
Chlorophyll

Description

Source

The concentration of chlorophyll in seawater British Columbia Marine
from remote sensed data

Conservation Analysis
(BCMCA, 2011)

Ecologically and

Delineated by Fisheries and Oceans Canada

British Columbia Marine

biologically

(DFO) for marine planning work

Conservation Analysis

significant areas

(BCMCA, 2011)

Ecological feature

Number of ecological features found in each

British Columbia Marine

count

planning unit

Conservation Analysis
(BCMCA, 2011)

Fish and invertebrate

Number of fish and invertebrate features

British Columbia Marine

feature count

found in each planning unit

Conservation Analysis
(BCMCA, 2011)
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Habitat based

Potential productivity estimates in terms of

British Columbia Marine

estimates of salmon

juvenile fish abundance for seven species of

Conservation Analysis

productivity

salmon, by watershed. Also contains points

(BCMCA, 2011)

depicting mouths of salmon-bearing streams
Historical and

Species distribution and observations

Government of British

current fish

(historical and current) in fish-bearing

Columbia (2021)

distribution

streams in British Columbia

Marine ecosections

Marine ecosystems based on the British

British Columbia Marine

Columbia Marine Ecological Classification.

Conservation Analysis

Defined according to physical,

(BCMCA, 2011)

oceanographic, and biological characteristics
Marine mammal

Number of marine mammals found in each

British Columbia Marine

feature count

planning unit

Conservation Analysis
(BCMCA, 2011)

Marine plants

Number of marine plants found in each

British Columbia Marine

feature count

planning unit

Conservation Analysis
(BCMCA, 2011)

Data Preparation
I acquired and downloaded all data, except for the BCMCA bathymetry data, as vector
data. I ensured that all data was projected in NAD1983 UTM Zone 10 and made necessary
projection conversions to data not initially using the projection. The original datasets are large
and redundant for my study. Therefore, I clipped the data to fit within the study boundary, as
seen in Figure 2. Using the Conversion Toolbox in ArcMap, I converted the vector data to raster
data with a cell size of 500. I did not need to convert or alter the bathymetric data as it was
already raster data. I stored all data in a Geodatabase within ArcCatalog for organization and
further manipulation and analysis.
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Part One: In Which Areas of The Salish Sea are Microplastics Likely to Accumulate?
GIS Methods
I chose to use six key physical characteristic variables for the GIS analysis: depth,
substrate, position, shore zone exposure, roughness, and benthic current. I selected the variables
due to the critical findings of literature about the physical oceanographic characteristics of
microplastics and sedimentation (i.e., Zhang et al., 2017; Harris, 2020). Firstly, depth determines
the potential for vertical motion and mixing and the overall tidal dynamics (Zhang et al., 2017;
Short, 2012). Secondly, I chose to consider the substrate (i.e., what the ocean floor and coastal
zone are composed of) because it influences sedimentological processes and the likelihood of
microplastics accumulating (Kane & Clare, 2019; Enders et al., 2019; Harris, 2020). The third
characteristic variable I chose is position, which is the arrangement of a coastline section or the
ocean floor, including the steepness, angle of exposure, and direction (Short, 2012; Boak &
Turner, 2005). The position is important to consider because it influences the exposure to waves,
and therefore to microplastics (Short, 2012). Fourth, shore-zone exposure, similarly to position,
affects wind and wave exposure. For example, in protected areas, where waves are suppressed,
the resuspension of microplastics is reduced, leading to the accumulation of microplastics
(Myksvoll et al., 2012). Fifth, I chose to use roughness as a variable because it can influence
microplastic accumulation having a textured surface with more places for microplastic particles
to fall (Zhang et al., 2017). Finally, I chose benthic current as a characteristic variable because it
influences the flow of water and sediment (Short, 2012; Zhang et al., 2017; Enders et al., 2019).
I performed all analyses using a raster cell size of 500 metres by 500 metres. I made this
choice because it allows for a clear resolution and appropriate spatial accuracy while maintaining
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display and processing speed (Malczewski, 2004). To be able to apply consistent analysis, I
reclassified the raster data to be uniform by creating an ordinal index. I used the Reclassify tool
in the Raster Toolbox based on the relative risk of microplastic accumulation for each physical
dataset. I reclassified based on the relative risk value I applied, on a scale of 1 to 4, where 1
represents the least risk, and 4 represents the most risk (Table 4). I applied risk rankings based on
the literature and assumptions that I can make from physiological and oceanographic
understandings. Figure 6 shows the final physical rasters for analysis.
Table 4.

Physical data classification
Data

Risk = 1

Risk = 2

Risk = 3

(lowest)

Risk = 4
(highest)

Depth (m)

>200

50-200

20-50

0-20

Substrate

Undefined

Hard

Sandy

Muddy

Position

Ridge

Slope

Flat

Depression

Low

Low

Medium

High

Roughness

Low

Low

Medium

Benthic Current

Low

Low

High

Shore zone
exposure

Medium
High
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Figure 6.
Physical benthic characteristic rasters.
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Once I reclassified all physical rasters, I performed a series of 10 weighted overlays.
Using the Raster Calculator tool, I combined each of the six variables in different proportions to
a total of 100% (Table 5). I chose the 10 calculations based on examples of prior modelling (i.e.,
Varatharajan et al., 2018; Sabokbar et al., 2014) to gain a broad range of potential scenarios and
related risks. However, as this methodology is relatively novel, I made educated assumptions to
make methodological decisions. I labelled each calculation as P_C_Vn (where P represents
physical, C represents calculation, and n represents the calculation number from 1 to 10). Each
calculation gave a new raster layer as an output, which I used for further analysis (shown in
Results section; see Figure 13 for an example). Figure 7 shows an outline of my methodological
process for Part One, which was applied ten times.
Table 5.
Physical raster calculation input data. Values represent the proportion of the calculation (100%
total) due to the input data.
Name

Substrate

Position

Depth

Roughness

Exposure

Benthic

(%)

(%)

(%)

(%)

(%)

Current
(%)

P_C_V1

16.667

16.667

16.667

16.667

16.667

16.667

P_C_V2

40

15

10

15

10

10

P_C_V3

15

10

20

10

15

30

P_C_V4

10

10

10

10

30

30

P_C_V5

10

10

10

10

40

20

P_C_V6

25

15

15

25

10

10

P_C_V7

25

25

10

5

25

10

P_C_V8

25

20

10

20

15

10

P_C_V9

20

15

10

5

30

10
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20

20

20

10

44
20

10

Figure 7.
Physical data raster calculator model. This figure is meant to provide an example of the process
using the first calculation (P_C_V1). In subsequent calculations, the green circles are combined
in different proportions using the Raster Calculator to provide a unique output (P_C_Vn).
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Analysis
The three main tools used for the analysis were summary statistics, graphical
representation of data, and visual representation of data through mapping in ArcMap. First, I
collected summary raster statistics for each calculation output (sum, mean, median, standard
deviation, minimum, and maximum) to understand each calculation better. Secondly, I
summarized all raster value data into categories of values of 0 to10 using Microsoft Excel and
graphed the range of data using the categories. Creating graphs allows me to see the range of
data and trends in value distribution. Third, I used ArcMap to display the results visually in map
form to understand the spatial characteristics of the results.
Part Two: Where is There Potential for the Greatest Ecological Harm?
GIS Methods
I performed GIS analysis using ecological data from the BCMCA. The ecological
features dataset (Figure 8) is a combination of the richness count of species of fish and
invertebrates (Figure 9), marine mammals (Figure 10), and marine plants (Figure 11) in 2kilometre by 2-kilometre planning units defined by the BCMCA. I created a raster layer from the
ecological features data, with a resolution of 500 metres by 500 metres to maintain continuity
with the physical data (Figure 12). I then applied an equal interval classification to reclassify the
raster with values from one to four. One represents the lowest number of ecological features (and
therefore lowest risk), and four represents the highest number of ecological features (and thus
highest risk). Finally, I performed raster calculations to combine the average physical risk with
the ecological feature data. Using the Math Algebra tool, I added the 10 physical consideration
rasters using simple addition to create the physical sum raster (P_V_1 + P_V_2+ …P_V_10; as
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seen in the Results section below). I then combined (added) the physical sum raster with the
ecological feature raster to isolate the areas of highest risk.
Figure 8.
Ecological feature count in the study site. The data is a combination of feature data for marine
mammals, marine plants, fish, and invertebrates. The grid represents the planning units used by
the BCMCA, measuring two kilometres by two kilometres.
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Figure 9.
Fish and invertebrate richness count per ecological planning unit in the study site. The grid
represents the planning units used by the BCMCA, measuring two kilometres by two kilometres.
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Figure 10.
Marine mammal richness count per ecological planning unit in the study site. The grid
represents the planning units used by the BCMCA, measuring two kilometres by two kilometres.
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Figure 11.
Marine plant richness count per ecological planning unit in the study site. The grid represents
the planning units used by the BCMCA, measuring two kilometres by two kilometres.
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Figure 12.
Ecological features raster, where 1 represents the lowest number of ecological features (and
therefore lowest risk), and 4 represents the highest number of ecological features (and thus
highest risk).
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Results
Part One: In which areas of the Salish Sea are microplastics likely to accumulate?
Data Trends
Each of the 10 calculations yielded differing results with some similarities. Risk values
and calculations are given in Figures 13 to 32. The lowest risk value was 1.15 in P_C_V3, and
the highest risk value was 3.400000095 in P_C_V4 (Table 7). Less than 1% of the study region
had a risk value of 3.00 to 3.99 (Table 8). In contrast, approximately 77% of the study region had
a risk value of 2.00 to 2.99, and approximately 22% had a risk value of 1.00 to 1.99. Raw
distribution data used represented in the graphs in this section can be found in Appendix A.
Table 6.
Physical raster calculation result figures.
Calculation Name

Spatial Results (Map)

Distribution of Data (Graph)

P_C_V1

Figure 13

Figure 14

P_C_V2

Figure 15

Figure 16

P_C_V3

Figure 17

Figure 18

P_C_V4

Figure 19

Figure 20

P_C_V5

Figure 21

Figure 22

P_C_V6

Figure 23

Figure 24

P_C_V7

Figure 25

Figure 26

P_C_V8

Figure 27

Figure 28

P_C_V9

Figure 29

Figure 30

P_C_V10

Figure 31

Figure 32
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Table 7.
Raster summary data.
Calculation

Mean

Raster

Standard

Minimum value

Maximum value

deviation

Name
P_C_V1

2.20594

2.3389

1.3336

3.0060

P_C_V2

2.5012

0.2538

1.5000

3.1500

P_C_V3

1.7193

0.2663

1.1450

3.0150

P_C_V4

2.0832

0.3621

1.2000

3.4000

P_C_V5

2.2202

0.4285

1.2000

3.4000

P_C_V6

2.2367

0.2143

1.4000

3.1000

P_C_V7

2.5760

0.2913

1.3500

3.3000

P_C_V8

2.3477

0.2268

1.3500

3.1000

P_C_V9

2.2518

0.3023

1.2000

2.9500

P_C_V10

2.4079

0.24750

1.4000

3.2000

Summary

2.2550

0.2166

1.1450

3.4000

Table 8.
Risk classification results. The value represents the number of cells with a risk value within each
classification category.
Calculation

Risk = 1

Risk = 3

Risk = 3

Risk = 4

P_C_V1

1444

18452

30

0

P_C_V2

622

18695

103

0

P_C_V3

17722

2203

1

0

P_C_V4

8741

10713

472

0

P_C_V5

7502

12002

422

0

Raster Name
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P_C_V6

1754

18070

2

0

P_C_V7

878

18390

658

0

P_C_V8

1218

18703

5

0

P_C_V9

3863

16163

0

0

P_C_V10

726

19192

6

0

Summary

44470

152583

1699

0

Figure 13.
Calculation 1 (P_C_V1) results.
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Figure 14.

Risk value distribution for calculation 1 (P_C_V1)
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Figure 15.

Calculation 2 (P_C_V2) results.
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Figure 16.

Risk value distribution for calculation 2 (P_C_V2)
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Figure 17.

Calculation 3 (P_C_V3) results.
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Figure 18.

Risk value distribution for calculation 3 (P_C_V3)
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Figure 19.

Calculation 4 (P_C_V4) results.
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Figure 20.

Risk value distribution for calculation 4 (P_C_V4)
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Figure 21.

Calculation 5 (P_C_V5) results.
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Calculation 6 (P_C_V6) results.
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Figure 22.

Risk value distribution for calculation 4 (P_C_V4)
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Figure 25.

Calculation 7 (P_C_V7) results.
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Figure 24.

Risk value distribution for calculation 6 (P_C_V6)
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Calculation 8 (P_C_V8) results.
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Figure 26.

Risk value distribution for calculation 7 (P_C_V7)
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Figure 28.

Risk value distribution for calculation 8 (P_C_V8)
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Figure 29.

Calculation 9 (P_C_V9) results.
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Figure 30.

Risk value distribution for calculation 9 (P_C_V7)
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Figure 31.

Calculation 10 (P_C_V10) results.
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Figure 32.
Risk value distribution for calculation 10 (P_C_V7)
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Spatial Observations: Common High-Risk Zones for Microplastic Accumulation
The results indicate that there is a range of microplastic accumulation risk values in the
study region. However, less than 5% of the raster pixels in the study region are in the high-risk
range (Figure 33). Given the nature of microplastics, comments about the significance of the
potential impact in relation to the proportion of high-risk zones cannot be made. These values
indicate that the highest risk zones are off the coast of Victoria, Oak Bay, Sooke, Port Renfrew,
and small regions of the Southern Gulf Islands. Additionally, almost all calculation scenarios had
high-risk zones along the south-west coast of Vancouver Island. The only exception is P_C_V3,
which had high-risk zones off the coast of Victoria, Oak Bay, and Sooke only.
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Figure 33.
Areas within the study region where microplastics are most likely to occur given the risk values
in the highest range from 3.00-3.99.
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Part Two: Where is There Potential for the Greatest Ecological Harm?
Data Trends
The risk distribution shows that most of the study area had a moderate ecological risk
(Figure 34). The risk value distribution is from 14.15 to 32.05, with a mean of 24.13 and a
standard deviation of 2.34.
Figure 34.
Risk distribution for ecological risk values.
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Spatial observations: common high-risk zones for ecological harm
The risk map (Figure 35) shows that ecological risk is moderately high directly adjacent
to the south-west facing shoreline of Vancouver Island and the lower mainland of British
Columbia (Greater Vancouver). The areas of lowest ecological risk are in the Strait of Georgia
between the lower mainland and Nanaimo and the eastern coast of the Southern Gulf Islands.

ECOTOXICOLOGICAL IMPACTS OF MICROPLASTICS

66

The areas of highest ecological risk are concentrated off Sooke, Victoria, Oak Bay, and between
Salt Spring Island and Maple Bay (Figure f).
Figure 35.
Total ecological risk value map based on ecological features and physical calculation results.
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Figure 36.
Areas where microplastics are the most likely to cause ecological harm, based on the sum of
microplastic accumulation risk and ecological features data.
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Discussion
The results from GIS modelling help understand where microplastics are likely to
accumulate in the Salish Sea based on physical oceanographic attributes. Modelling provides
predictions but is limited by the inputs used, making further consideration important (Choudhary
et al., 2018). In this discussion section, I will investigate the critically ecologically important
regions within the study area (including specified ecological reserves), sensitive species within
the region, and the global trends in plastic production, use, and input into the environment.
Critical Ecological Regions of Concern
The entirety of the Salish Sea is known to be ecologically important for many reasons
(Gaydos et al., 2015). Firstly, the region is a productivity and biodiversity hotspot, supporting
many species (Gaydos & Pearson, 2011; Gaydos & Zier, 2014). Secondly, it is a vital part of the
migration route for grey whales and humpback whales (Ford et al., 2013; Williams & O'Hara,
2010). Recently, with the increase in humpback whale prey species, the population of humpback
whales in the Salish Sea has increased significantly (Andrews-Goff et al., 2018). Thirdly, the
Salish Sea holds great historical and ongoing cultural significance for the Indigenous peoples
living in the region (Gaydos et al., 2015; Norman, 2012). Finally, the Salish Sea is economically
essential, specifically due to fisheries, aquaculture, and ecotourism (Gaydos et al., 2008).
In this examination of critical ecological regions, I discuss the theoretical background of
the importance and sensitivity of Pacific salmon stream estuaries, Constance Bank and offshore
Victoria, and ecological reserves. Finally, based on the results of the GIS analysis, I discuss four
ecological regions of concern in the study site.
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Pacific Salmon (sp.) Stream Estuaries
Pacific salmon are a key component to the ecological functioning of the Salish Sea
(Nelson et al., 2019; Schindler et al., 2003). They are key prey sources for marine mammals,
including sea lions, seals, toothed whales, and predators for smaller fish. In the Salish Sea, there
are five species of Pacific salmon: Chinook (Oncorhynchus tshawytscha), Coho (Oncorhynchus
kisutch), Chum (Oncorhynchus keta), Sockeye (Oncorhynchus nerka), and Pink (Oncorhynchus
gorbuscha) (Nelson et al., 2019; Keefer et al., 2008). Pacific salmon are anadromous, meaning
that they hatch in freshwater, spend their adult life in salt water, and return to estuaries and up
freshwater streams to spawn (Nelson et al., 2019; Pecquerie et al., 2011). Given the literature and
the results of this study showing the risk of microplastic accumulation in coastal regions and the
significance of Pacific salmon for the ecological integrity of the Salish Sea, it is essential to
consider estuaries in greater detail.
Estuaries are important geomorphological features defined as the tidal mouth of a large
river where the ocean meets the river (Kennish, 2002). Rivers are a well-known source of
microplastics to oceans (Zhang et al., 2018). Studies have determined that the movement of
microplastics from rivers to oceans can be quantified using the same methods as naturally
occurring particles in rivers (Hoellein et al., 2019; Horton & Dixon, 2018). Estuaries in the
Salish Sea are near urban areas, where plastics and microplastics concentrate (Spanjer et al.,
2020; Andrady, 2011). Additionally, the results of this study show a risk of microplastics
accumulation adjacent to estuarine areas where Pacific salmon frequent.
Figure 37 shows the Pacific salmon current and historical presence and characteristics as
recorded by the Government of British Columbia (2020). There are many distinct locations

ECOTOXICOLOGICAL IMPACTS OF MICROPLASTICS

70

where salmon-bearing streams meet the ocean and where salmon were observed generally or
observed while spawning. Therefore, given the results of my analysis (physical and ecological)
and the trends of Pacific salmon in streams, a relatively high risk to salmon can be hypothesized.
Figure 37.
Key regions for Pacific Salmon, based off historical and current fisheries data from the
Government of British Columbia.
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Constance Banks and Offshore Victoria
Constance Banks is a shallow offshore bank approximately one nautical mile offshore
from the Victoria coastline. Exposed to the fast incoming tidal current from the open ocean
through the Strait of Juan de Fuca, cold and nutrient-rich water is pushed onto the shelf (Yang et
al., 2019). This region is rich in small fish such as Pacific herring and Pacific sardines. It,
therefore, attracts their common prey, including Harbour porpoise (Phocoena phocoena), Dall's
porpoise (Phocoenoides dalli), and Harbour seals (Phoca vitulina). Recently, researchers
discovered that microplastic pollution occurs in deep-sea sediment and organisms (Zhang et al.,
2020). Therefore, it is likely that the upwelling of cold, deep water into the Constance Bank
region could contain microplastics, as could the zooplankton carried by the water (Zhang et al.,
2020; Cole et al., 2013).
Ecological Reserves
Ecological reserves are selected to preserve significant natural ecosystems, plant species
and animal species by limiting human activity (Lemieux & Scott, 2005). The ecological reserves
within my study site are critical haul-out habitats for marine mammals and birds. The Oak Bay
Ecological Reserve is a haul-out, breeding, feeding, and rearing habitat for harbour seals (Phoca
vitulina). Race Rocks Ecological Reserve is a haul-out and feeding habitat for Steller sea lions
(Eumetopias jubatus), California sea lions (Zalophys californianus), and recently, elephant seal
(Mirounga leonina) presence has increased (Backe et al., 2011). Additionally, sea otters
(Enhydra lutris) and harbour seals (Phoca vitulina) are commonly seen in the area. The
ecological reserve designation protects the specified region from development, boat traffic, and
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general human disturbances (Backe et al., 2011; Gayton, 2013). However, microplastics could
threaten the ecological integrity of the reserve.
Summary – Four Key Ecological Regions of Concern
Considering the results and the known sensitivity of habitats within the study region, four
key ecological regions of concern were identified (Table 9; Figure 38). I selected these regions
due to their ecological significance and the consistently high microplastics accumulation risk
results (Table 9). The four chosen regions are (1) Juan de Fuca cove; (2) Sooke coastline and
Race Rocks Ecological Reserve; (3) Victoria and Oak Bay coastline; and (4) coastal zone
between Maple Bay and Salt Spring Island. Considering certain regions is important as it can
guide management priorities (Nelson & Burnside, 2019). Therefore, I identified each ecological
region of concern where there was the highest risk for microplastics accumulation and the
highest risk for ecological harm (Figure 39).
Table 9.
Justification of the selection of the four key ecological regions of concern.
Ecological Region of

Justification

Concern
Juan de Fuca

Key estuary for many salmon-bearing streams.

Sooke and Race Rocks

Biodiverse ecological reserve with marine mammals, birds,

Ecological Reserve

and kelp forests. High exposure to wind and currents.

Victoria and Oak Bay

Biodiverse ecological area and reserve with marine
mammals, birds, and kelp forests. Heavy human
disturbances and potential for toxicants.

Maple Bay and Salt Spring

Relatively protected area and potential habitat for marine

Island

mammals and juvenile fish.
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Figure 38.
Four ecological regions of concern within the study area.
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Figure 39.
Ecological regions of concern with data showing the location of the highest risk of microplastics
accumulation and the highest risk of ecological harm.

Sensitive Species
Sensitive species have highly specific and range-restricted attributes, with low adaptive
capability and opportunity (Horton & Barnes, 2020). The traits of sensitive species make them
susceptible to local environmental changes and pollution (Horton & Barnes, 2020). Specifically,
species that are biome-specific and range-restricted are the least likely to adapt or migrate when
facing external environmental pressures (Malcolm et al., 2006). The Salish Sea is a biodiverse
region but is also subject to disturbances and environmental stressors (Gaydos et al., 2008).
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As of December 1, 2015, there were 125 species at risk in the Salish Sea (Zier & Gaydos,
2016). It is beyond the scope of this study to evaluate the ecological risk microplastics pose to all
of the species at risk in the Salish Sea. Therefore, I am choosing two key species to give attention
to, Southern Resident Killer Whales (Orcinus orca) and their prey, Chinook salmon
(Oncorhynchus tshawytscha). Both species fit the characteristics Horton and Barnes (2020)
attributed to sensitive species and are both biome-specific and range-restricted.
Southern Resident Killer Whale (Orcinus orca)
I chose to focus on Southern Resident Killer Whales (SRKW) because they are mammals
at the top of the marine food web and are exposed to many stressors. Additionally, they are on
the British Columbia Red List and are listed as Endangered by SARA (Species at Risk Act) and
COSEWIC (Committee on the Status of Endangered Wildlife in Canada; Zier & Gaydos, 2016).
Moore (2008) and Zantis et al. (2020) agree that marine mammals are indicators for marine
ecosystem health. Many marine mammal species are of conservation concern because of the
stressors they face Zantis et al., 2020). SRKW are an ecotype of Orcinus orca that are local to
the western coast of Alaska, British Columbia, Washington, Oregon, and California (Ayres et al.,
2012). Their diet consists primarily of Chinook salmon, and their movements through their range
aligns with the movement of Chinook salmon (Hanson et al., 2010). The population of SRKW in
the Salish Sea are threatened by human disturbances, lack of prey, and pollution.
Adult SRKW are exposed to persistent organic pollutants (POPs) primarily by ingesting
prey (Mongillo et al., 2016). A 2016 technical report by the National Oceanic and Atmospheric
Administration (NOAA) documented the concentration of POPs in blubber samples from adult
SRKW between 2004 and 2013 (Mongillo et al., 2016). The levels detected exceeded the health
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threshold established for harbour seals (Phoca vitulina) and the levels found to alter thyroid
function in juvenile gray seals (Halichoerus grypsus; Mongillo et al., 2016). The high levels of
POPs in SRWK cause negative health implications influenced by interactions with other
stressors such as reduced prey availability (Mongillo et al., 2016). Lack of prey leads to weight
loss and can cause a whale to use their blubber lipid reserves, thus mobilizing the POPs stored in
the blubber into circulation (Hanson et al., 2021; Mongillo et al., 2016). Additionally, endocrinedisrupting chemicals could be negatively influencing female fertility (Rattan et al., 2017). Many
researchers have found that POPs adsorb to microplastics and agree that it is important to
consider in species-specific and trophic-level studies (do Sul & Costa, 2014; Cole et al., 2011).
With the emergence of microplastics research at the species-level and trophic-level scale, in
combination with my results, I can hypothesize that SRKW are exposed to microplastics in their
habitat range, and specifically in the Salish Sea (Alava et al., 2018; do Sul and Costa, 2014).
Chinook Salmon (Oncorhynchus tshawytscha)
Chinook Salmon (Oncorhynchus tshawytscha) is one of the five Pacific salmon species
found off the western coast of British Columbia and the United States. They are a culturally and
commercially important fish species in the region (Spanjer et al., 2020). However, in the scope
of my study, their significance is due to their biological and ecological function in the Salish Sea.
Overall, Pacific salmon (Oncorhynchus spp.) have complex spawning migrations, exposing them
to a range of environmental conditions from spawning in rivers to the open ocean as adults
(Keefer et al., 2008). Chinook salmon specifically are the primary prey source for SRKW, and
the decline in Chinook salmon stock is a key concern for SRKW health (Keefer et al., 2008;
Mongillo et al., 2016). Overfishing, habitat degradation, climate change, and pollution negatively
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impact Chinook salmon stock in the Salish Sea (Crozier et al., 2021; Willmes et al., 2021).
However, in the scope of my study, I think it is important to consider the role of toxicants and
microplastics in their population decline.
In their sampling of Puget Sound (part of the Salish Sea), O’Neil et al. (2015) found high
levels of POPs in juvenile Chinook salmon from estuaries and nearshore habitats. Additionally,
sampling by Cullon et al. (2009) led to estimates that 97% to 99% of POPs detected in adult
Chinook salmon returning to spawning habitat were acquired during their time in the ocean.
While researchers have performed limited sampling for microplastics in Chinook salmon from
the Salish Sea, the trends of microplastics observations in similar fish species allows inferences
for Chinook salmon microplastics exposure ((Desforges et al., 2015; Cole et al., 2013; Cullon et
al., 2009; Ross et al., 2013).
Chinook salmon are of high interest as an endangered species because their habitat (openocean and estuary) is near known areas of relatively high microplastics concentration (Desforges
et al., 2014; Halstead et al., 2018). Additionally, their prey species, such as small fishes, are also
exposed to microplastics (Lopes, 2020; Ory, 2018). Therefore, I can hypothesize that juvenile
salmon are likely to ingest microplastics and adsorbed toxicants directly from the water and their
prey, in addition to other POP sources in the Salish Sea (Desforges et al., 2015; Cole et al., 2013;
Cullon et al., 2009; Ross et al., 2013).
Predicting Change
Microplastics exist in dynamic marine environments, subject to physical and biological
forces (Zhang, 2017; Horton and Dixon, 2018). Therefore, practitioners and researchers should
not perform microplastics risk assessments under the assumption that scenarios are static and
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consistent. In this section, I discuss the forces acting upon microplastics and provide predictions
about how future changes could impact microplastics accumulation and associated ecological
harm in the study area.
Climate Change and Associated Impacts
Rarely do anthropogenic influences occur in isolation from others (Horton & Barnes,
2020). Specifically, climate change brings cumulative effects to coastal and marine environments
impacted by microplastics pollution (Schindler, 2001; Harley et al., 2006). Climate change is
known to cause sea-level rise, ocean acidification, increased air temperature and water
temperature, and increases in extreme weather events (He & Sillman; Doney et al., 2012;
Schindler, 2001). Climate change has indirect and direct influences on ecosystem energy flows
and food web dynamics, thus altering ocean resources (Chapman et al., 2020). These factors
influence microplastic distribution and accumulation (Galloway & Lewis, 2016; Zhang, 2017).
Therefore, it is important to include climate change considerations in future research, analysis,
and marine planning processes.
Ocean Resource Degradation and Depletion
The Salish Sea is a dynamic ecosystem, relying on all unique components for ecosystem
functioning. Proper ecosystem functioning influences ecosystem resiliency, defined as an
ecosystem’s ability to respond and adapt to change (Webb, 2007). Modelling by Chapman et al.
(2020) revealed that synergisms between various ecosystem stressors (over-fishing, pollution,
and climate change) may lead to increased vulnerability and decreased resiliency by altering
ecosystem energy flow and material cycling. Stressors caused by microplastics can also
influence ecosystem resilience and functioning (Ma et al., 2020). If an ecosystem is already
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degraded and depleted due to external pressures, it may be more vulnerable to the stressors
caused by microplastics presence. Therefore, it is important to understand ecosystem resilience,
pressures, change in future research analysis, and marine planning processes.
Trends in Plastic Production, Usage, and Innovations
Since its invention, plastic production and use have rapidly increased, with an estimated
8.3 billion tonnes produced as of 2020 (Geyer et al., 2017). Fifty-five percent of the total virgin
plastic made was produced since 2000, reflecting society's continued and increasing reliance on
plastic (Geyer et al., 2017). Additional projections predict that if the current demand for plastic
continues, plastic production could reach between 155 Mt per year and 265 Mt per year by 2060
(Lebreton & Andrady, 2019). Modelled projections of plastic production in conjunction with the
lack of effective disposal and recycling strategies suggest that the amount of plastic waste in the
natural environment will likely double by 2050 (Geyer et al., 2017; Hohn et al., 2020).
Predictive modelling shows that society can reduce the growth rate of plastic waste if
relevant jurisdictions make investments in waste management infrastructure in municipal solid
waste and developing countries (Lebreton & Andrady, 2017). While there are innovations
towards alternative materials and effective recycling of plastics, without rapid change, plastic
and microplastics will continue to enter and threaten the marine environment (Cole et al., 2011;
Andrady, 2011).
Comparing Results with Citizen Science Data
A significant limitation of my study that arose was due to the Covid-19 pandemic. My
initial intent was to collect field samples from areas identified as a low, medium, and high risk of
microplastic accumulation to validate my model and results (Burrough, 2001; Varatharajan et al.,
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2018). However, because of travel limitations, lab closures, and resource constraints, this was not
possible. So, instead of collecting field data, I received a dataset of microplastic observations in
North American waters from Michelle Toshak at Adventure Scientists (personal communication,
February 20, 2020).
The dataset provided had a small portion of data in Canadian waters. Unfortunately, the
team at Adventure Scientists collected even fewer data within my study region. Figure 40 shows
the observation data, where a circle represents an observation, and the number within the circle
represents the number of pieces detected in a sample. There were two observation points within
my study site, for a total of 11 pieces, around the Southern Gulf Islands. Additional observations
were made adjacent to my study site in the remaining portion of the Salish Sea (Figure 41).
These observations confirm that microplastics exist within the Salish Sea, and therefore that
microplastics pose an ecological risk in the area. However, the magnitude of the presence of
microplastics remains unknown due to a lack of field collection.
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Figure 40.
Microplastic presence data within and directly adjacent to my study site recorded by Adventure
Scientists and distributed by Michelle Toshak of Adventure Scientists. The numbers represent the
number of microplastics detected in the location.
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Figure 41.
Microplastic observations in the Salish Sea from Adventure Science dataset.
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Conclusion
By performing weighted raster analysis using GIS, I mapped areas of the Northern Salish
Sea where microplastics are likely to occur and where microplastics are likely to cause the most
ecological harm. The locations determined to be of the highest risk overlap with key ecological
regions, including salmon-bearing stream estuaries, protected areas, and marine mammal haulouts.
This research is significant because it shows how researchers and practitioners can apply
GIS to marine microplastic risk assessment. Users can easily apply these methods to meet the
specific criteria and objectives of the jurisdiction or team performing the research. One of the
major problems in microplastics research is the ubiquitous nature and widespread distribution of
microplastics. Given this, it is impractical and unfeasible to effectively and accurately assess and
study entire regions with sampling alone. GIS modelling and analysis, therefore, allows users to
identify areas of high priority so that sampling can be targeted and efficient. It would also allow
for efficient monitoring and management policies to predict and mitigate microplastics
accumulation and ecological impacts
I recommend that researchers, practitioners and governments apply this methodology in
relevant ways to other areas of ecological significance in British Columbia and Canada.
Specifically, I recommend that relevant users use this methodology for the entire range of
SRKWs to properly understand the risks microplastics pose to their environment and overall
well-being. As plastics production continues to increase and trends in plastics and microplastics
reaching marine environments, this risk will not subside. It is therefore essential to use modelling
tools like GIS to predict ecological risk efficiently.
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Appendix A: Result Distribution Data
Table 10.
Risk values for all physical raster calculations.
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