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Executive summary 
Climate change is increasing the temperature of the oceans and reducing their pH. In addition, global sea 
levels are rising at an accelerating rate, increasing the risk of coastal erosion and flooding. In this report, the 
Centre for Marine Applied Research (CMAR) reviews the potential impacts these changes may have on the 
Nova Scotian fishing and aquaculture industries, and the coastal communities they support, before 
proposing a vulnerability assessment tool to help prioritize climate change adaptation measures. 

The four most economically valuable fisheries in Nova Scotia are: American lobster (Homarus americanus), 
snow crab (Chionoecetes opilio), sea scallop (Placopecten magellanicus), and northern shrimp (Pandalus 
borealis). Although lobster fisheries in Maine and Nova Scotia are currently benefitting from ocean warming, 
continued warming could potentially lead to: reductions in habitat; increased variability in the timing of 
lobster molting; reduced bait availability; and increased risk of disease. Ocean warming has also led to 
marked declines in snow crab abundance on the western Scotian Shelf, and some research suggests that 
continued warming could lead to its commercial extinction on the eastern Scotian Shelf by 2070. Northern 
shrimp is also projected to undergo reductions in abundance on the eastern Scotian Shelf and Gulf of St. 
Lawrence. Likewise, a variety of finfish species, including groundfish and pelagics, are projected to 
experience climate-driven declines and distribution shifts. However, the introduction or expansion of 
previously rare, warm water species could potentially provide new fishing opportunities. Nevertheless, if the 
fishing industry is to initiate new fisheries, and adapt to climate change in general, the industry may require 
a greater degree of flexibility than afforded by the current fisheries management framework. 

Climate change also has potential to impact the Nova Scotian aquaculture industry. Blue mussels (Mytilus 
edulis) and American oyster (Crassotrea virginica) may be negatively affected by ocean warming, ocean 
acidification, harmful algal blooms, and increased disease. There is also potential for ocean warming to 
negatively impact the production of Atlantic salmon (Salmo salmar) if temperatures rise beyond, and oxygen 
concentrations decline below, optimal thresholds. Nevertheless, the aquaculture industry may have adaptive 
advantage over wild fisheries as producers can theoretically choose to grow more suitable or resistant 
species and strains, and because producers have at least some control over environmental conditions.  

Over 70 % of Nova Scotia’s population live within 20 km of the coast and 14 % of all jobs in the province 
are ocean-related. Nova Scotia is, therefore, highly dependent on coastal areas and resources for 
employment and housing. However, climate change may impact these coastal communities through a wide 
range of impacts including increased coastal erosion and flooding risk, which may damage infrastructure 
and alter shipping channels.  

There are a wide variety of policies and funding programs aimed at helping industries and communities 
adapt to climate change. Planning adaptation measures in advance will likely be more effective than 
attempting to respond to climate change impacts after they occur. A key step for the advanced planning of 
adaptation measures is to conduct a vulnerability assessment to help decision makers prioritize adaptation 
efforts. Assessing vulnerability involves estimating three components: exposure, sensitivity, and adaptive 
capacity. There are many challenges to overcome and numerous methods to collect data for vulnerability 
assessments. In order to help guide adaption plans, this report reviews current best practices for estimating 
vulnerability and proposes potential approaches to developing a vulnerability index for Nova Scotian 
seafood industry-dependent communities. 
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1. Introduction 
Primarily due to fossil fuel emissions and other human activities, greenhouse gas (see Table 1 for examples) 
concentrations in the Earth’s atmosphere are currently higher than they have been for over 800,000 years, 
(IPCC 2014). The Intergovernmental Panel on Climate Change (IPCC, see Section 1.1) are 95% certain that 
these greenhouse gas emissions are responsible for global warming.  

Table 1 | The most important greenhouse gasses contributing towards global warming.  

Greenhouse gas Chemical formula / acronym 
Carbon dioxide CO2 

Methane CH4 

Ozone O3 

Water vapor and clouds H2O 
Chlorofluorocarbons CFCs 
Hydrofluorocarbons HFCs 

1.1. The Intergovernmental Panel on Climate Change (IPCC) 
The IPCC is the official body of the United Nations responsible for assessing science related to climate 
change. Comprising of 195 member governments and supported by thousands of scientists and experts 
worldwide (IPCC 2020b), the IPCC is widely considered to be the international authority on climate change 
(Solomon and Manning 2008, Gupta 2010, Beck and Mahony 2018). 

1.1.1. IPCC Assessment Reports 
The IPCC produces a comprehensive ‘Assessment Report’ on climate change approximately every five years 
(IPCC 2020a). The fifth Assessment Report was released in 2014, with the next due in 2022. The IPCC also 
frequently publishes ‘Working Group Reports’ on: (1) the physical scientific basis of climate change; (2) the 
vulnerability of societies and ecosystems; and (3) adaptation and mitigation (IPCC 2020c). As these reports 
are widely used by researchers and government agencies around the world, it is important to have a basic 
understanding of IPCC terminology and projection scenarios.  

The IPCC make climatic projections based on several possible emissions scenarios (see Table 2). To 
communicate the probability of these projections, the IPCC uses a likelihood scale ranging from 
exceptionally unlikely to virtually certain (see Table 3). They also use five terms to express the level of 
confidence they have in their assessments, ranging from very low confidence to very high confidence. Levels 
of confidence are determined based on the type, quality, amount, and / or consistency of evidence. 

1.2. Climate change in Atlantic Canada 
This report describes trends that may occur, or may have occurred, according to scientific research.  
Although the effects of global warming are relatively well understood at the global scale, model projections 
at the regional level are associated with much higher levels of variability and uncertainty. The future remains 
unknown, and we have tried to express this uncertainty throughout this report.  
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Table 2 | The different emissions scenarios used by the IPCC for their climatic projections. Name = IPCC emissions 
scenario, where RCP = ‘Representative Concentration Pathway’ and refers to atmospheric greenhouse gas 
concentration trajectories. Temperature increases are relative to 1986 – 2005. Adapted from (IPCC 2014).  

Scenario Name Temperature 
increase Key information 

Low emissions RCP 2.6 0.3 – 1.7 °C Requires CO2 emissions to start declining by 2020 
and reach 0 by 2100.  

Intermediate emissions RCP 4.5 1.1 – 2.6 °C Requires CO2 emissions to reach half the level of 
2050 by 2100 and CH4 to stop increasing by 2050. 

Intermediate emissions RCP 6.0 1.4 – 3.1 °C Greenhouse gas emissions peak around 2080 and 
then start to decline. 

High emissions RCP 8.5 2.6 – 4.8 °C Greenhouse gas emissions continue to rise 
throughout the 21st century. 

Table 3 | The likelihood scale used in IPCC Assessment Reports. Adapted from (Mastrandrea et al. 2010).  

Term Probability of outcome 
Virtually certain > 99 % 

Very likely 90 – 100 % 
Likely 66 – 100 % 

About as likely as not 33 – 66 % 
Unlikely 0 – 33 % 

Very unlikely 0 – 10 % 
Exceptionally unlikely 0 – 1 % 

1.2.1. Air temperature 
It is virtually certain that Canada’s climate has warmed and will continue to warm in the future (Zhang et al. 
2019). Average air temperatures in Canada increased by 1.7 °C between 1948 – 2016 and, depending on the 
emissions scenario, are projected to increase a further 1.5 – 2.3 °C by 2050 (Zhang et al. 2019). This is 
approximately twice the global average (IPCC 2014). However, rates of warming are comparatively slower 
in Atlantic Canada as average air temperatures increased by just 0.7 °C between 1948 – 2016 and is projected 
to increase a further 1.3 – 1.9 °C by 2050 (Cohen et al. 2019). These changes are beginning to impact Atlantic 
Canada’s coastal and ocean systems (see Sections 1.2.2 – 1.2.11), coastal communities (see Section 4), and 
fishing (see Section 2.2) and aquaculture industries (see Section 3). 

1.2.2. Ocean temperature 
Ocean temperatures in the Northwest Atlantic have increased over the last four decades and are warming 
faster than the global average (Wu et al. 2012, Forsyth et al. 2015, Pershing et al. 2015). For example, the 
Gulf of Maine has warmed by 0.03 °C per decade since 1982, faster than 99 % of the world’s oceans (Pershing 
et al. 2015). It is likely that this trend is mostly due to global warming. However, some research suggests 
the Gulf Stream may potentially be shifting north (Brickman et al. 2016, Saba et al. 2016), which could further 
enhance warming by transporting more warm, tropical water from the Gulf of Mexico along the east coasts 
of the United States of America (USA) and Canada (Talley et al. 2011). Temperatures have also increased in 
the Bay of Fundy, Scotian Shelf, Cabot Strait, Northumberland Strait, and Gulf of St. Lawrence. Since records 



Climate Change Vulnerability | 9 
 

first began, three of the five warmest years have occurred in 2012, 2014, and 2015 (Hebert and Pettipas 
2016, Bernier et al. 2019). However, some years and regions are more variable than others (Hebert and 
Pettipas 2016) and 2019 exhibited relatively cool sea surface temperatures (Cyr et al. 2020). Nonetheless, 
ocean temperatures in Canada are projected to continue increasing over the 21st century, and the waters in 
Southern Atlantic Canada (Figure 1) are projected to warm faster than the rest of the country (Greenan et 
al. 2019a, Lavoie et al. 2020). Overall, projections under a high emissions scenario suggest summer sea 
surface temperatures in Atlantic Canada may increase by up to 4 °C by 2050 (Greenan et al. 2019a).  

 

Figure 1 | Projected increase in sea surface temperature (SST) and bottom water temperature (Tbtm) in 2055 and 
2075 relative to present conditions under a high emissions scenario. Data were calculated using the Bedford 
Institute of Oceanography North Atlantic Ocean Model (BNAM), which is documented in Brickman et al. (2016). 
Source: David Brickman, Fisheries and Oceans Canada (DFO). 
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As sea surface temperatures increase, marine heatwaves have also increased in duration and frequency in 
the Northwest Atlantic, and this trend is projected to continue over the coming century (Oliver et al. 2018, 
Schlegel et al. 2021). Marine heatwaves describe prolonged extreme oceanic warm water events and are 
typically defined as periods when sea surface temperatures exceed the 90th percentile for at least 5 days. 
They can persist for weeks or up to several years, and can range in size from an individual bay to several 
ocean basins (reviewed in Holbrook et al. 2020).  

Overall, these general warming trends are beginning to impact the fishing industry (see Section 2.2) through 
changes in fish distribution, habitat suitability, disease prevalence, and recruitment (i.e. the number of 
juvenile fish surviving and entering the fishery). Ocean warming may also impair the growth of some 
shellfish species, and cause an increase in harmful algal blooms, disease, and parasites, which could impact 
the aquaculture industry (see Section 3). 

1.2.3. Sea ice 
Atlantic Canada encompasses the most southward extent of winter sea ice in Canada. However, warmer 
temperatures have reduced the thickness and percentage cover of sea ice, and shortened the duration of 
the sea ice season (Clarke et al. 2016, Galbraith et al. 2019). In Eastern Canada, average sea ice cover declined 
by 7.5 % per decade between 1969 – 2016 (Derksen et al. 2019). However, sea ice cover fluctuates from year 
to year. For example, sea ice cover in the Gulf of St. Lawrence returned to average levels in 2003 and again 
in 2014 (Galbraith et al. 2017). Likewise, sea ice cover on the Scotian Shelf was higher in 2015 than the 1981 
– 2010 average (Hebert and Pettipas 2016). Overall, sea ice is projected to continue declining across Atlantic 
Canada, and some model projections suggest sea ice will be almost completely absent in the Gulf of St. 
Lawrence by 2100 (Senneville et al. 2014, Lavoie et al. 2020). Reductions in sea ice will likely increase wave 
heights (see Section 1.2.6) and coastal erosion (see Section 1.2.8). Also, the melting and break-up of sea ice 
may pose a navigational risk to shipping and fishing boats, potentially exerting more pressure on search 
and rescue, and other emergency services (Greenan and Warburton 2013, also see Section 4).  

1.2.4. Sea level 
Due to the melting of glaciers and ice sheets, as well as the thermal expansion of the oceans, global sea 
levels increased by an average of 19 cm (1.7 mm per year) between 1901 – 2010 (IPCC 2014). Furthermore, 
the Nova Scotian land mass is still recovering from the retreat of glaciers during the last ice age 
(approximately 11,000 years ago) and is currently sinking at a rate of 2 mm per year (Atkinson et al. 2016). 
Consequently, the relative sea level in Nova Scotia is rising 3.3 mm every year and is projected to increase 
by a total of 50 – 150 cm relative to present day values by 2100 (James et al. 2014). This is substantially 
faster than the global average. These small, gradual increases in sea-level are not inconsequential as sea 
level height tends to have a non-linear relationship with flooding risk. For example, a 10 cm increase in sea 
level may cause a three-fold increase in flooding frequency (Church et al. 2006, Zhai et al. 2014). Overall, 
rising sea levels are accelerating rates of coastal erosion (see Section 1.2.8) and are increasing the risk of 
flooding and damage to coastal infrastructure (see Section 1.2.5 and Section 4).  

1.2.5. Extreme high-water levels and storm surge 
Rising sea levels (see Section 1.2.4) may increase the frequency and magnitude of extreme high-water levels 
and storm surge events. In Halifax, for example, a 20 cm rise in relative sea level (projected to occur within 
20 – 30 years) could increase the frequency of coastal flooding by a factor of four (Atkinson et al. 2016, 
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Greenan et al. 2019a). The highest recorded water levels in Halifax occurred during Hurricane Juan in 2003 
which saw water levels temporarily increase by 1.87 m (Atkinson et al. 2016). This storm surge event resulted 
in an estimated $300 million of damage, and caused loss of power to over 800,000 for up two weeks (Quon 
2017). Under a high emissions scenario, this record high water level is projected to occur every 5 years by 
2060 (Atkinson et al. 2016).  

1.2.6. Waves and storms 
The severity of waves and storms in Atlantic Canada display contradictory trends (Greenan et al. 2019a). 
Average summer wave heights have increased by 2 cm per decade since 1948 (medium confidence) and 
winter wave heights have increased by up to 20 cm (Rhein et al. 2013, Bromirski and Cayan 2015). Evidence 
also suggests the frequency of late summer and autumn extreme storms have increased in Atlantic Canada 
since 1958 (Wang et al. 2016). Conversely, there is evidence that storm tracks have shifted northwards since 
the 1970’s (Wang et al. 2006). This shift is projected to reduce wind speeds and wave heights (low 
confidence) across Atlantic Canada over the coming century (Casas-Prat et al. 2018, Greenan et al. 2019a). 
However, this will not be true for areas subject to winter sea ice declines (see Section 1.2.3), as sea ice 
inhibits wave formation. Overall, average wave heights in Nova Scotia are projected to increase between 40 
cm to 1.8 m by 2090 under a high emissions scenario. This will accelerate coastal erosion (see Section 1.2.8) 
and increase the risk of coastal flooding and damage to infrastructure (see Section 1.2.5 and Section 4).  

1.2.7. Precipitation 
Average precipitation levels across Canada increased by 20 % (medium confidence) between 1948 – 2012 
(Vincent et al. 2015, Zhang et al. 2019). In contrast, annual precipitation levels in Atlantic Canada increased  
by just 11 % (low confidence) and are projected to increase by a further 3.8 – 5 % by 2050 (Lemmen et al. 
2016, Cohen et al. 2019, Zhang et al. 2019). Although increases in precipitation have been less pronounced 
in Atlantic Canada, the Maritime provinces are predicted to experience some of the largest increases in 
extreme rainfall events over the coming century (Simonovic et al. 2017). Extreme rainfall events accelerate 
erosion and increase the risk of flooding and damage to infrastructure (see Section 4).  

1.2.8. Coastal erosion, flooding, and regional differences  
Coastal erosion occurs when tides, currents and waves break down and / or carry away rocks and sediment 
along the coast, resulting in the landward retreat of the shoreline (reviewed in Davidson-Arnott and 
Ollerhead 2011). Although this is a natural process, rising sea levels (see Section 1.2.4), increasing wave 
heights (see Section 1.2.6), and increasing risk of coastal flooding (see Section 1.2.5) in Nova Scotia are 
exacerbating coastal erosion, threatening properties and other coastal infrastructure (see Section 4). 

A project by Natural Resources Canada (NRC) known as ‘CanCoast’ compiled data on the physical 
characteristics (e.g. geology, slope, tidal range, and projected sea level rise and wave heights) of Canada’s 
coastlines (Manson et al. 2019). These data were then combined in a ‘Coastal Sensitivity Index’ to assess 
how susceptible Canadian coastlines are to coastal erosion and flooding. Low sensitivity values indicate 
areas that are relatively resistant to climate change (e.g. rocky coastlines with steep cliffs, in areas with high 
tidal range, projected to experience moderate increases in sea level and wave height) and high sensitivity 
values indicate areas that are very vulnerable to climate change (e.g. silty, flat coastlines, in areas with low 
tidal range, projected to experience substantial increases in sea level and wave height).  
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Most of the coastline around Nova Scotia has ‘moderate’, ‘high’ or ‘very high’ sensitivity to projected levels 
of coastal erosion and flooding (Figure 2). According to the index, Eastern Cape Breton is the most sensitive 
region in Nova Scotia as relative sea levels are rising faster, and the coastline is predominantly low-lying, 
made-up of sand and softer sediments (Heather Bay Berry, Université du Québec à Rimouski, pers. comm, 
December 2020). Similarly, coastlines in the Minas Basin, Cobequid Bay, Amherst, the South Shore, and 
much of the North Shore and Northumberland Strait have high sensitivity as they are either exposed to 
strong waves and / or have predominant geology consisting of sedimentary rocks and sands. Conversely, 
the steep, granite coasts of Northern Cape Breton, as well as the Atlantic coast between Cape Sable Island 
and Sheet Harbour, are the least sensitive (Environment Canada 2005, Lemmen et al. 2016).  

Caution is warranted when interpreting these CanCoast products as coastal geology, morphology, and rates 
of erosion can vary greatly over small scales of just tens of metres. Thus, the CanCoast data products are 
only intended for broad-based regional assessment (John Somers, Nova Scotia Environment, pers. comm, 
December 2020). 

1.2.9. Salinity 
Long-term trends suggest that the upper ocean in Atlantic Canada has reduced in salinity while deep waters 
in the Gulf of St. Lawrence have increased in salinity (Greenan et al. 2019a, Lavoie et al. 2020). For example, 
there is some evidence that surface waters in the Bay of Fundy have reduced in salinity (Hebert et al. 2016). 
Conversely, greater transport of subtropical waters (see Section 1.2.2) has been observed to have a role in 
increasing salinity of deep waters (200 – 300 m) in the Gulf of St. Lawrence (Galbraith et al. 2017) and is 
projected (medium confidence) to continue over the coming century (Greenan et al. 2019a). Increases in 
salinity have potential to increase the risk of disease in mussels and oysters (see Section 3.2.4), while 
reductions in salinity may increase ocean acidification (see Section 1.2.11). 

1.2.10. Oxygen 
Despite high levels of variability among basins, the global ocean has lost around 2% of its oxygen since 
1960 (Schmidtko et al. 2017). Warmer waters have less capacity to hold oxygen, which may partly explain 
this trend. Additionally, less saline waters promote stratification, meaning water layers are less likely to mix, 
preventing the transport of oxygen to deeper waters (Gruber 2011). Oxygen concentrations are declining 
faster in the Northwest Atlantic Ocean and could potentially be due to: (1) changes in the Labrador current, 
which transports cold, oxygen-rich waters from the Arctic to the Newfoundland Shelf, Scotian Shelf and Gulf 
of St. Lawrence; (2) changes in the Gulf Stream (see Section 1.2.2); and (3) elevated nutrient loads in the Gulf 
of St. Lawrence which may be reducing oxygen concentrations at depth (Petrie and Yeats 2000, Gilbert et 
al. 2005, Gilbert et al. 2010, Levin 2018). However, all these mechanisms are highly complex and poorly 
understood (Claret et al. 2018). Nevertheless, deep waters on the Scotian Shelf (150 m), Cabot Strait (250 
m), and Gulf of St. Lawrence (320 m) have experienced a reduction in oxygen concentrations of 0.5 – 1.2 μM 
per year since the early 1960’s (reviewed in Gilbert et al. 2010, Brennan et al. 2016, Claret et al. 2018) which 
is projected to continue at an increasing rate over the coming century (Claret et al. 2018). Declines in oxygen 
concentration have the potential to impact several shellfish fisheries in Nova Scotia (see Sections 2.2.4 – 
2.2.6) and the aquaculture industry (see Section 3.3). 
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1.2.11. Ocean acidification  
When seawater absorbs CO2, it triggers a series of chemical reactions which lowers its pH, making it slightly 
more acidic (Doney et al. 2009). As the oceans have absorbed approximately 30 % of CO2 emissions since 
the industrial era, they have experienced a 26% increase in acidity or a pH reduction of 0.1 (Rhein et al. 
2013, IPCC 2014). This change in pH is the fastest the oceans have experienced for at least the last 66 million 
years (Hönisch et al. 2012). Due to high inputs of freshwater, ocean acidification is occurring faster on the 
Scotian Shelf and Gulf of St. Lawrence than the global average (Gledhill et al. 2015). Consequently, their 
surface layers have decreased in pH at a rate of 0.03 – 0.04 per decade since 1934 (WMO 2014, Galbraith et 
al. 2019, Greenan et al. 2019a). Likewise, deep waters in the lower Gulf of St. Lawrence experienced a 
decrease in pH of 0.2 – 0.3 between 1934 – 2007 (Mucci et al. 2011). Ocean acidification has potential to 
impact several shellfish fisheries in Nova Scotia (see Sections 2.2.4 – 2.2.6) and the shellfish aquaculture 
industry (see Section 3.2.2).  

1.3. Significance of Nova Scotia’s seafood industry  
The coasts, oceans, and their resources have substantial social, cultural, and economic importance in Nova 
Scotia. It has been estimated that 14 % of all jobs in the province are coastal- or ocean-related (Fisher 2011). 
In 2019, the fishing and aquaculture industries alone directly employed 18,973 people in Nova Scotia, and 
supported another 5,479 jobs in the seafood processing industry (Fisheries and Oceans Canada 2020e). 
Consequently, the total number of people employed by the fishing, aquaculture and seafood processing 
industries is higher in Nova Scotia than any other province (Boyce 2021). Most fishing, aquaculture, and 
seafood processing operations in Nova Scotia are located in coastal rural areas, which have been identified 
as being in need of economic growth and development (oneNS 2014, CRRF 2015). Both aquaculture and 
fisheries development are viewed as strategic ‘inclusive economic growth’ opportunities for coastal and 
rural communities in Nova Scotia (Nova Scotia Department of Fisheries and Aquaculture 2019). Inclusive 
economic growth describes the provincial government’s aim to build and promote a more innovative and 
diverse economy accessible to all.  

1.4. Report aims and objectives 
Ocean warming, sea level rise, ocean acidification, and a variety of other climate-driven changes (see Section 
1.2) have potential to impact the Nova Scotian fishing and aquaculture industries (see Sections 2–3), and 
the coastal communities they support  (see Section 1.3). This report reviews some of these potential impacts 
and proposes an approach to assess the vulnerability of different sectors and seafood industry-dependent 
communities (see Sections 6 – 7). Such an exercise could prove invaluable in guiding climate change 
adaptation efforts. 

2. Wild capture fisheries in Nova Scotia 
2.1. Past and present status  
Nova Scotia’s fisheries can be broadly divided into two general groups: shellfish and finfish. The quantity 
and value of shellfish landings has greatly increased in Nova Scotia over the last three decades (Figure 3). 
In 2019, shellfish fisheries represented 66 % of all provincial landings by weight and 87 % by value (Fisheries 
and Oceans Canada 2021b). Shellfish products generally receive higher value per unit of weight compared 
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to finfish, explaining their disproportionately high contribution towards landings value (Wilson et al. 2020). 
Nova Scotian shellfish fisheries primarily target American lobster (Homarus americanus, see Section 2.2.3), 
snow crab (Chionoecetes opilio, see Section 2.2.4), American sea scallop (Placopecten magellanicus, see 
Section 2.2.5), and northern shrimp (Pandalus borealis, see Section 2.2.6), which represent the top four most 
economically important fisheries in the province (Fisheries and Oceans Canada 2020c). Generally, American 
lobster makes a greater contribution to landings in the south of Nova Scotia while snow crab tends to be 
more important in the north (Figure 4). 

Nova Scotia’s finfish fisheries (see Sections 2.2.7 – 2.2.10) target a wide range of species including several 
cod-like species (e.g. Atlantic cod, Gadus morhua ; haddock, Melanogrammus aeglefinus ; pollack, 
Pollachius virens ; silver / Atlantic hake, Merluccius bilinearis), flatfish species (e.g. Atlantic halibut, 
Hippoglossus hippoglossus ; American plaice, Hippoglossoides platessoides ; yellowtail flounder, Limanda 
ferruginea), small pelagics (e.g. Atlantic herring, Clupea harengus ; Atlantic mackerel, Scomber scombrus) 
and large pelagics (e.g. Swordfish, Xiphias gladius ; tuna, Thunnus spp.). In 2019, finfish fisheries represented 
32 % of total landings by weight, 12 % by value, and 42 % of all fishing licenses were for finfish (Fisheries 
and Oceans Canada 2020c). Historically, the waters surrounding Nova Scotia supported some of the world’s 
most productive fishing grounds for large predatory groundfish (e.g. cod-likes and flatfish) but many of 
these have been in decline since the mid-1980’s (Jackson et al. 2001, Beddington et al. 2005, Frank et al. 
2005, Frank et al. 2011, Howarth et al. 2014, Pedersen et al. 2017). Nonetheless, finfish still make a substantial 
contribution towards fishery landings and to coastal economies in Nova Scotia (Figure 3).  

2.2. Potential effects of climate change on fisheries 

2.2.1. Distribution shifts 
Generally, marine organisms are adapted to survive within a specific range of temperatures, salinity, oxygen 
concentrations, and other environmental parameters. Since these parameters are changing on a global scale 
(see Section 1), many species around the world have exhibited shifts (high confidence) in their geographic 
distribution (IPCC 2014) and such changes are projected to continue over the coming century (Cheung et 
al. 2009). These distribution shifts may result from: (1) organisms moving towards deeper, cooler waters and 
/ or towards the poles, in order to remain within their preferred temperature range; (2) changes in the 
timing, direction, and extent of their migration movements; (3) increased mortality of eggs, larvae or adults 
in some parts of their distributional range; and / or (4) broader ecological changes, such as changes in food 
web dynamics, species invasions, and habitat loss (Parmesan and Yohe 2003, Perry et al. 2005, Nye et al. 
2009, Cheung et al. 2010, Wilson et al. 2020). Some of the most important commercially targeted species in 
Nova Scotia (e.g. snow crab and northern shrimp) may display especially pronounced shifts in their 
distribution as these species are generally considered to be at, or close to, their southern most extent (see 
Sections 2.2.4  and 2.2.6). 
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Figure 3 | The landings, value, and number of licenses of some of the most prominent wild capture marine 
fisheries in Nova Scotia, by species in 2019 (Top), and over time (Bottom). Lobster = American lobster, Scallop = 
sea scallop, crab = snow crab, shrimp = northern shrimp, herring = Atlantic herring, halibut = Atlantic halibut, 
and cod-likes = cod, pollock, haddock and silver hake. (*) = all groundfish species including cod-likes, redfish, 
halibut, turbot, cusk, catfish, skate, and dog fish. (+) = inflation adjusted to 2018 values (Bank of Canada 2020). 
Source: Fisheries and Oceans Canada (2020c).  
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Figure 4 | The proportion of landings (in terms of weight per functional group) within each Lobster Fishing Area 
(LFA) in Nova Scotia. Pie chart size is scaled by the total value of landings. Data is representative of DFO Maritimes 
region only and does not include the Northumberland Strait or Gulf of St. Lawrence. DFO Small Craft Harbor 
locations are represented by black dots. Adapted from Greenan et al. (2019b).  

2.2.2. Ocean acidification and fishery interactions 
When CO2 dissolves in seawater, the pH of seawater decreases (see Section 1.2.11). This reduces the amount 
of carbonate ions available to organisms for shell / exoskeleton growth (Doney et al. 2009, Billé et al. 2013), 
particularly for bivalves (e.g. scallop, clams, oyster and mussels), crustaceans (e.g. lobster, crab and shrimp) 
and other calcifying organisms (e.g. plankton and corals). The availability of carbonate in seawater is often 
measured as the ‘saturation state’ (or ) of aragonite or calcite; the two most common forms of carbonate 
(Gledhill et al. 2015). Lower aragonite and calcite saturations mean more energy is required by calcifying 
organisms to grow their shells (Morse et al. 2007, Waldbusser et al. 2015). Most shellfish species require 
values greater than 1.0 to optimally produce their shells (Gledhill et al. 2015) and values less than 1.0 can 
negatively affect their growth (Greenan et al. 2019a). Projections reported in a draft white paper (see 
Salisbury et al. 2019), based on models developed by Lavoie et al. (2019), suggest that subsurface waters in 
the Gulf of Maine may become persistently undersaturated in aragonite < 1) over the next 30 – 40 
years under a high emissions scenario, and that calcite will also decline in Southern Gulf of Maine to a 
lesser extent.  
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inputs, which is why the waters surrounding Nova Scotia are more susceptible to ocean acidification than 
the global ocean as a whole (see Section 1.2.11). This, combined with the province’s high economic 
dependency on shellfish, means Nova Scotia’s fisheries may be particularly vulnerable to ocean acidification. 

Finfish may also be affected by ocean acidification. Laboratory studies have shown low pH values to cause 
a variety of fish species to exhibit signs of tissue damage, malformations, increased egg and larval mortality, 
and impaired swimming, foraging, predator avoidance and olfactory (i.e. sense of smell) performance 
(Munday et al. 2010, Frommel et al. 2012, Leduc et al. 2013, Frommel et al. 2014, Stiasny et al. 2016). 
However, most of these experiments exposed fish to acidification levels at, or greater than, what is projected 
for the end of this century under the highest emission scenarios. Therefore, it is unknown how well these 
studies may actually reflect future environmental conditions. There is also substantial variation between 
species, with many showing no impact from reduced pH (e.g. Munday et al. 2009, Frommel et al. 2013, 
Damsgaard et al. 2015). 

2.2.3. American lobster 
Lobster is the most economically important fishery in Nova Scotia and the province’s most valuable seafood 
export (Nova Scotia Department of Fisheries and Aquaculture 2020c). In 2019, landings reached over 50,850 
tonnes and generated over $880 million in value, representing 19 % of all landings by weight and 58 % by 
value (Fisheries and Oceans Canada 2020c). However, warming ocean temperatures (see Section 1.2.2) have 
contributed to some recent and dramatic changes in lobster fisheries across the eastern coasts of USA and 
Canada. While lobster catches have reached a record high in the Gulf of Maine and on the Scotian Shelf, 
catches in southern New England have reached a record low and the fishery has effectively collapsed 
(ASMFC 2015, Le Bris et al. 2018, Fisheries and Oceans Canada 2020c). The large disparity between these 
regions is mostly due to differences in temperature, as well as the adoption of stronger fisheries 
conservation measures in the Gulf of Maine and Nova Scotia (reviewed in Greenan et al. 2019b). 

American lobster is distributed across a wide range of temperatures, from -1 to 26 °C (Lawton and Lavalli 
1995, Quinn 2017), however, studies indicate an optimal range of around 12 – 18 °C (Crossin et al. 1998). 
Within this temperature range, lobster larvae display greater survival and faster developmental growth 
(MacKenzie 1988, Annis et al. 2013, Quinn 2017). In contrast, temperatures above 20 °C have been linked 
to higher physiological stress, disease, and mortality (Pearce and Balcom 2005, Glenn and Pugh 2006). 
Bottom temperatures in southern New England now frequently exceed this 20 °C threshold for several 
months at a time (Wahle et al. 2013). Correspondingly, lobsters in this region have experienced a reduction 
in habitat suitability, higher incidences of disease, and widespread recruitment failure (Glenn and Pugh 
2006, Howarth et al. 2014, Tanaka and Chen 2015, Wahle et al. 2015).  

Compared to southern new England, water temperatures are cooler in the Gulf of Maine and Scotian Shelf, 
meaning ocean warming has increased lobster habitat suitability at a wide range of depths (Wahle et al. 
2009, Steneck and Wahle 2013, Tanaka and Chen 2016, Goode et al. 2019). Consequently, lobster 
populations in this region have expanded further north and offshore (Pinsky et al. 2013, Wahle et al. 2013, 
Wahle et al. 2015, Goode et al. 2019) and these temperature-driven distribution shifts are a key factor 
underlying the recent increase in lobster in Maine and Nova Scotia (Le Bris et al. 2018). However, sudden 
increases in catches can have negative, indirect effects on lobster fisheries. For example, a marine heatwave 
(see Section 1.2.2) in 2012 led to prolonged period of exceptionally high lobster catches in Maine, which 
unintentionally led to a collapse in lobster prices both in the USA and Canada (reviewed in Mills et al. 2013).  
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Overall, lobster habitat suitability is projected to continue increasing in Nova Scotia over the next 30 years 
(Greenan et al. 2019b), while greatly reducing in southern New England (Rheuban et al. 2017), and the Gulf 
of Maine to a lesser extent (Le Bris et al. 2018, Allyn et al. 2020). Although these changes are benefiting the 
Nova Scotian lobster fishery, there are also some potential causes for concern:

Southward decline: Model projections suggest lobster habitat suitability may begin to decline in 
the Bay of Fundy by the middle of this century (Greenan et al. 2019b, Allyn et al. 2020). Chabot et 
al. (2013) also speculated that continued ocean warming may cause lobster abundance to decline 
in the Bay of Fundy, the south shore of Nova Scotia, and in the southern Gulf of St. Lawrence, as 
bottom temperatures are already higher in these regions than surrounding areas (Figure 1). As 
coastal communities are more economically dependent on lobster fisheries in southern Nova Scotia 
(Figure 4), even a small decline in lobster abundance could have large consequences.

Disease: Lobster are more susceptible to epizootic shell disease at temperatures above 10 °C, which
can be fatal above 15 °C (Stewart 1980). In addition to reducing their survival, this disease can 
reduce catch value as infected lobsters possess corrosive brown-black lesions (Figure 5) on their 
shells (Glenn and Pugh 2006, Castro et al. 2012). The prevalence of this disease is strongly linked to 
warmer temperatures and is, therefore, currently more of a problem in southern New England than 
in the Gulf of Maine and Scotian Shelf (reviewed in Shields 2019, Mazur et al. 2020). However, as 
temperatures continue to warm in the Northwest Atlantic, epizootic shell disease could potentially 
spread further north into Nova Scotia (Maynard et al. 2016, Greenan et al. 2019b).

Figure 5 | Lesions caused by epizootic shell disease are eroding the external carapace of this American lobster 
from southern New England. This disease is currently not an issue in Nova Scotia, but it has potential to spread
further north as water temperatures continue to rise. Source: Prof. Jeff Shields.
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 Increased molting: Lobsters tend to molt more frequently in warmer waters (Waddy et al. 1995, 
Mills et al. 2013, Schmalenbach and Buchholz 2013, Staples et al. 2019). This could be problematic 
as recently molted lobsters have softer shells, higher water content, and reduced meat yield, 
meaning they have reduced survivability during capture and transport, and tend to command lower 
prices as they are less desirable to consumers (reviewed in Thakur et al. 2017). Soft-shelled lobster, 
and lobster infected with epizootic shell disease, would also fail to meet standards for the ‘45° N / 
63° W’ Nova Scotia Seafood Brand (www.nsseafood.com). The relationship between temperature 
and molting frequency could potentially explain why catches of soft-shelled lobster on the south 
shore of Nova Scotia increased by 10 % between 2004 – 2014 (Thakur et al. 2017).  

 Reduced fecundity: Lobsters in warmer waters tend to reach maturity at smaller sizes and younger 
ages, which may potentially reduce the overall fecundity of the population (Waller et al. 2017). An 
analysis of 30 years of survey data collected from southern new England and the Bay of Fundy 
found that, for every 1 °C increase in bottom temperature, lobster size at maturity decreased by 2.8 
mm (Le Bris et al. 2017).  

 Reduced food availability: The copepod, Calanus finmarchicus, is a major component of 
zooplankton in the North Atlantic, and provides food to a wide range of commercially important 
species (Grieve et al. 2017). However, ocean warming has caused this copepod to decline in the 
Gulf of Maine and Scotian Shelf (see Section 2.2.11). In the Gulf of Maine, years of low C. 
finmarchicus abundance have been correlated with low juvenile lobster abundance, suggesting 
temperature-driven changes in zooplankton may be contributing towards regional reductions in 
lobster recruitment (Carloni et al. 2018). If C. finmarchicus abundance continues declining, it could 
potentially have a negative impact on lobster and other fisheries in Nova Scotia.  

 Bait shortages: Overfishing and temperature-driven declines in herring and mackerel abundance 
have resulted in bait shortages for the American lobster and snow crab fisheries (see Section 2.2.7).  

In summary, the lobster fishery in Nova Scotia is generally benefitting from ocean warming. However, the 
simultaneous collapse of the southern New England lobster fishery emphasizes the precariousness of this 
situation as warmer temperatures suggest increased stress, disease, mortality, and recruitment failure. If 
lobster populations in Nova Scotia were to decline, the social and economic consequences would be severe 
given the large contribution towards fishery landings and value.  

2.2.4. Snow crab  
Snow crab is the second most economically important fishery in Nova Scotia. In 2019, landings reached 
over 14,270 tonnes and generated $175 million in value, representing 5 % of all landings by weight and 
12 % by value (Fisheries and Oceans Canada 2020c). Snow crab is considered to be highly vulnerable to 
climate change as the range of temperatures it can tolerate is very narrow, and because many aspects of its 
physiology (e.g. growth rate, body size and fecundity) can be strongly affected by small changes in 
temperature (Tremblay 1997, Chabot et al. 2013, Zisserson and Cook 2017, Wilson et al. 2020). 

Snow crab occupy waters ranging in temperature between -1.8 °C to 6 °C (reviewed in Chabot et al. 2013, 
Zisserson and Cook 2017), however, temperatures below -1 °C and above 4 °C can comprise their long-
term survival (reviewed in Sainte-Marie et al. 2005). Adult snow crabs display a negative energy balance at 
temperatures above 7 °C (Foyle et al. 1989) and temperatures above 12 °C can be lethal within 96 hours 
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(Hardy et al. 1994). Evidence suggests juvenile snow crabs have a narrower temperature range between 0 – 
1.5 °C (Dionne et al. 2003) but that larvae can tolerate a much broader temperature range of 8 – 15 °C (Kon 
et al. 2003, Chabot et al. 2013).  

Generally, higher temperatures within their tolerable range can promote larger body sizes and faster larval 
development in snow crabs (Burmeister and Sainte-Marie 2010, Chabot et al. 2013). In addition, female 
crabs typically reproduce just once every two years in waters colder than 1 °C but reproduce annually in 
temperatures above 1.8 °C (Moriyasu and Lanteigne 1998). Thus, a small increase in temperature could 
potentially lead to a two-fold increase in reproductive output in some areas. However, despite the potential 
for snow crab fisheries to benefit from ocean warming, most evidence indicates snow crab will be negatively 
impacted by climate change (Chabot et al. 2013, Stortini et al. 2015, Zisserson and Cook 2017).  

To remain within their tolerable temperature range, adult snow crabs on the Scotian Shelf tend to be limited 
to cold waters located at depths between 60 – 280 m (Choi et al. 2013). However, as these waters are 
projected to warm over the coming century (see Section 1.2.2), there is a possibility that snow crab on the 
Scotian Shelf will experience a large reduction in habitat suitability and recruitment, which could potentially 
lead to their commercial extinction by the year 2070 (Chabot et al. 2013). The marine heatwave in 2012 (see 
Section 2.2.3) may provide some insight into the future of snow crab fisheries. During this event, water 
temperatures reached a record high on the western Scotian Shelf, which led to the near disappearance of 
snow crab, and the population is yet to recover (Stortini et al. 2015, Zisserson and Cook 2017). The  heatwave 
also led to substantial reductions in snow crab abundance on the eastern Scotian Shelf and resulted in 
several years of unexpectedly low catches (Zisserson and Cook 2017). Such declines may become more 
common as research suggests marine heatwaves may increase in frequency and duration (see Section 1.2.2). 
Snow crab in the Gulf of St. Lawrence are also projected to decline in abundance (Chabot et al. 2013) due 
to ocean warming and decreasing oxygen concentrations (see Section 1.2.10). In addition, warming may 
initiate earlier spring algal blooms, potentially causing a mismatch in the timing of snow crab larval hatching, 
reducing larval food availability, growth rates and survival (Kuhn et al. 2011, Chabot et al. 2013).  

2.2.5. Sea scallop 
Sea scallops are the third most economically important fishery in Nova Scotia. In 2019, landings reached 
over 59,960 tonnes and generated over $155 million in value, representing 23 % of all landings by weight 
and 10 % by value (Fisheries and Oceans Canada 2020c). The potential effects of climate change on Nova 
Scotian scallop fisheries are largely unknown but evidence from neighboring regions suggests there is some 
potential cause for concern.  

Sea scallops are widely distributed from North Carolina up to the Gulf of St. Lawrence in temperatures 
ranging between 0 – 17 °C in depths of 2 – 110 m (reviewed in Cooley et al. 2015, Torre et al. 2018). Adult 
sea scallops display optimal growth rates at 10 – 15 °C but temperatures above 21 °C can be lethal (Stewart 
and Arnold 1994). Most scallop species display faster growth and higher reproductive output at warmer 
temperatures (reviewed in Shephard et al. 2010).  

Studies have investigated the effects of ocean acidification on a variety of scallop species and largely report 
contradictory trends, as some indicate low pH waters can have negative (Andersen et al. 2013, White et al. 
2013, White et al. 2014, Lagos et al. 2016), positive (Ramajo et al. 2016) and neutral effects (Sanders et al. 
2013) on scallop survival and growth. Consequently, model projections for New England suggest that, under 
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a high emission scenario, warming will increase sea scallop growth rates until around 2030, at which point 
ocean acidification will counter the positive effects of warming by causing a reduction in scallop growth 
and body size (Cooley et al. 2015, Rheuban et al. 2018). Conversely, species distribution models suggest 
climate change will have little impact on sea scallop biomass in the Gulf of Maine (Allyn et al. 2020). Other 
models suggest warming temperatures will have a negative effect on habitat suitability across most of New 
England but trends will be less clear around Nova Scotia, with gains in habitat suitability projected inshore, 
but a combination of gains and losses projected further offshore (Tanaka et al. 2020). Overall, the variability 
in these responses suggests further investigation into the potential effects of ocean warming and 
acidification on sea scallops is warranted.  

2.2.6. Northern shrimp 
Northern shrimp is the fourth most economically important fishery in Nova Scotia. In 2019, landings reached 
over 21,320 tonnes and generated over $76 million in value, representing 8 % of all landings by weight and 
5 % by value (Fisheries and Oceans Canada 2020c). As temperature can affect most aspects of its life cycle 
(e.g. fecundity, longevity, growth, sex ratios), northern shrimp could potentially be negatively impacted by 
climate change (Richards et al. 2012, Chabot et al. 2013). 

Northern shrimp occur in water temperatures ranging between -1.6 °C to 12 °C (Shumway et al. 1985) but 
are considered to have an optimal range of approximately 0 – 6 °C (Koeller 2000). Juveniles are thought to 
be tolerant to a wider temperature range (Garcia 2007) but temperatures above 16 °C can be lethal to larvae 
(Shumway et al. 1985). In Nova Scotia, northern shrimp abundance is generally highest on the eastern 
Scotian Shelf where waters are suitably cooler (Koeller 2000). In contrast, this species is at, or close to, its 
southern most extent in the Gulf of Maine and western Scotian shelf, and therefore usually only occurs in 
commercially viable densities when temperatures drop to favourable levels (Koeller 2000, Richards et al. 
2012). In fact, the development of northern shrimp fisheries in the Gulf of Maine and western Scotian shelf 
in the early to mid-1960’s coincided with a 10-year period of below-average temperatures (Koeller 2000). 
However, both fisheries collapsed during a 10-year period of above-average temperatures in the early 
1970’s. To this day, the fishery on the western Scotian Shelf has never recovered, whereas the fishery on the 
Gulf of Maine has closed multiple times, and recruitment and spawning stock biomass reached a record low 
in 2017 (ASMFC 2020). As northern shrimp recruitment is negatively affected by higher temperatures, it is 
likely that ocean warming is at least partly responsible for these trends (Tande et al. 1994, Koeller 2000, 
Richards et al. 2012).  

It is speculated that future warming will reduce northern shrimp recruitment, larval survival, and egg size 
on the eastern Scotian Shelf and Gulf of St. Lawrence (reviewed in Chabot et al. 2013). There is also a 
possibility that warming will create a mis-match between the timing of spring algal blooms and the hatching 
of shrimp larvae (Chabot et al. 2013, Brosset et al. 2019). Lastly, as northern shrimp are less tolerant to low 
oxygen levels at higher temperatures (Dupont-Prinet et al. 2013), shrimp abundance is projected to 
decrease by 3 – 19 % in the Gulf of St. Lawrence by 2060 (Stortini et al. 2016) depending on the extent of 
ocean warming and oxygen decline (see Section 1.2.10). 

2.2.7. Atlantic herring, Atlantic mackerel, and bait shortages 
Atlantic herring  is the 8th most economically valuable fishery in Nova Scotia ($34.5 million in 2019 ; Fisheries 
and Oceans Canada 2020c) but the third largest in terms of landings (39,961 tonnes in 2019). In contrast, 
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the Atlantic mackerel fishery is the 18th most economically valuable ($1.9 million in 2019) and the 14th largest 
in terms of landings (1,047 tonnes in 2019). Both fisheries traditionally supply bait to the lobster and crab 
fisheries. However, Atlantic herring landings have decreased three-fold since the 1970’s (Fisheries and 
Oceans Canada 2017) and Atlantic mackerel has declined five-fold since the early 2000’s (Fisheries and 
Oceans Canada 2019a). Consequently, the price of bait has increased from around $0.10 to $1 per pound 
in recent years, and is now a key concern for lobster and crab fishermen in Nova Scotia. In response, several 
fishermen now have licenses to harvest invasive European green crab (Carcinus maenas) for bait (SaltWire 
2015), and investigations have begun to test the feasibility of using invasive freshwater fish in the Great 
Lakes as bait (Gibson 2018) and factory-made baits from fish oil and fish by-products (McCarthy 2019).  

In addition to overexploitation (Stephenson et al. 1999, Overholtz 2002, Boyce et al. 2019), evidence 
suggests that ocean warming may also be partly responsible for these declines as the distribution of the 
Northwest Atlantic mackerel stock shifted 250 km north- and eastwards between 1968 – 2008 (Overholtz et 
al. 2011), and similar trends have been reported for Atlantic herring (Rose 2005). Both species are predicted 
to become increasingly scarce around Nova Scotia, and spring spawning herring may disappear altogether 
in the Bay of Fundy and Gulf of St. Lawrence (reviewed in Chabot et al. 2013, Lemmen et al. 2016). 
Consequently, herring and mackerel fisheries are likely to undergo further declines in catches and quota, 
meaning access to affordable bait could become a growing issue for crab and lobster fisheries. 

2.2.8. Groundfish 
Although groundfish fisheries have declined in Nova Scotia (see Section 2.1), they still have significant 
commercial value. Haddock is the 6th most important fishery in terms of landings (22,331 tonnes in 2019) 
and 9th most important in terms of economic value ($22.3 million in 2019). Silver hake is the 9th most 
important in terms of landings (5,291 tonnes) and 14th most valuable ($2.8 million). While Atlantic cod is the 
13th most important in terms of landings (1,066 tonnes) and 16th most valuable ($2.6 million ; Fisheries and 
Oceans Canada 2020c).  

Model simulations by Shackell et al. (2014) suggest that over 25 species of finfish (mostly groundfish) on 
the Scotian Shelf will experience a significant reduction in habitat availability due to ocean warming by 2060. 
Likewise, Atlantic cod is projected to undergo a 30 – 50 % reduction in habitat suitability by 2100 in the Gulf 
of Maine and Scotian Shelf under a high emissions scenario (Morley et al. 2018, Morato et al. 2020), and a 
reduction of 26 % is projected for haddock (Morley et al. 2018). Similarly, species distribution models for 
the Gulf of Maine and southern New England project broad decreases in the biomass of Atlantic cod, 
haddock, pollock, and several species of hake and flounder (Allyn et al. 2020). Likewise, models constructed 
by Stortini et al. (2015) identified several populations of pollack, silver hake, Atlantic cod, and cusk (Brosme 
brosme) on the Scotian Shelf to be vulnerable to climate change under a high emissions scenario. Lastly, 
Greenland halibut (Reinhardtius hippoglossoides) is projected to lose up to 55 % of its high density areas 
in the Gulf of St Lawrence due to ocean warming and oxygen depletion (Stortini et al. 2016).   

Conversely, climate change may benefit groundfish fisheries in some respects. Both haddock and Atlantic 
cod are expected to experience increased growth and survival in response to future warming (Chabot et al. 
2013). While Atlantic halibut is projected to shift northwards away from its southern most extent in southern 
New England (Allyn et al. 2020), potentially resulting in higher catches in Nova Scotia and Newfoundland 
(Chabot et al. 2013). 
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2.2.9. Large pelagics 
Nova Scotia has several fisheries for large pelagic fish including swordfish (Xiphias gladius) and tuna 
(Atlantic bluefin, Thunnus thynnus ; yellow fin, Thunnus albacares ; big eye, Thunnus obesus ; albacore, 
Thunnus alalunga). Although swordfish landings are small (996 tonnes in 2019), it is the 10th most valuable 
fishery ($12.9 million in 2019) in Nova Scotia (Fisheries and Oceans Canada 2020c). Similarly, tuna landings 
only reached 730 tonnes in 2019 but represent the 12th most valuable fishery ($8.1 million in 2019). Atlantic 
bluefin tuna is also the focus of a live-release sports fishery, which was estimated to have generated over 
$1.8 million in revenue in 2012 (Ecology Action Centre 2014). 

Tuna and swordfish are highly migratory and can travel up to several thousand kilometers every year 
(Sperling et al. 2005, Fisheries and Oceans Canada 2018b). Due to their complex life histories and long 
migratory routes, their exact spatial distribution, reproductive behaviour, and other aspects of their ecology 
are largely unknown (Neilson et al. 2014, Collette 2017). Thus, there is considerable uncertainty regarding 
the potential effects of climate change on these fisheries.  

The few studies which have investigated the potential effects of climate change on North Atlantic swordfish 
report contradictory trends. For example, two studies found no evidence that the distribution of North 
Atlantic swordfish had changed between the 1960’s – 2000’s (Worm and Tittensor 2011, Erauskin-
Extramiana et al. 2020). However, Schirripa et al. (2017) concluded that the distribution of North Atlantic 
swordfish had significantly shifted northwards since 1996 and may be at least partly related to changes in 
environmental conditions. Overall, the global abundance of swordfish is projected to decline by over 21 % 
at the end of the century under a high emissions scenario, but increase slightly in the waters surrounding 
Nova Scotia (Erauskin-Extramiana et al. 2020). In contrast, almost all (89 %) temperate tuna stocks have 
exhibited a poleward shift in distribution since 1958 as a result of climate change and is projected to 
continue (Erauskin-Extramiana et al. 2020). Under a high emissions scenario, most tuna stocks in the North 
Atlantic are projected to decrease over the coming century and Eastern Canada is projected to experience 
the largest reductions in Atlantic bluefin tuna (Erauskin-Extramiana et al. 2020). However, the abundance of 
big eye tuna may increase slightly.  

2.2.10. Redfish 
The Nova Scotian redfish fishery targets two closely related, morphologically similar species (deepwater 
redfish, Sebastes mentella ; and the Acadian redfish, S. fasciatus)  (COSEWIC 2010). Together, redfish 
represent the 8th most important fishery in Nova Scotia in terms of landings (8,662 tonnes in 2019) and the 
11th most economically valuable ($9.4 million in 2019; Fisheries and Oceans Canada 2020c). Following the 
near collapse of the fishery during the mid-1990’s, a series of strict management measures have been in 
place to help protect stocks (reviewed in Fisheries and Oceans Canada 2018a). However, the stock has 
shown significant signs of recovery since 2014 and new experimental licenses have recently been issued to 
test the viability of reopening the fishery (Fisheries and Oceans Canada 2020g). Thus, the redfish fishery has 
scope for further expansion.  

The potential impacts of climate change on the redfish fishery are not well studied. However, both species 
of redfish are likely to expand further north into northern Quebec, Labrador, and Nunavut waters (Hollowed 
et al. 2013, Morato et al. 2020). In addition, a 61 % reduction in habitat suitability has been projected for 
Acadian redfish in Eastern Canada by 2100 under a high emsisions scenario (Morley et al. 2018), and a 
reduction of 45 % is projected for the deepwater redfish in the Northeast USA (stocks in Eastern Canada 
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were not assessed). Species distribution models for the Gulf of Maine also suggest the biomass of Acadian 
redfish will decline (Allyn et al. 2020). These projected declines, combined with the species’ slow life history 
(e.g. lives up to 75 years and reaches sexual maturity at 18 years) and highly episodic recruitment (strong 
year classes only occur every 5 – 12 years) could make redfish even more susceptible to overexploitation 
(COSEWIC 2010), and make it difficult to achieve a long-term, stable, sustainable fishery. 

2.2.11. Whale trends and potential fishery interactions 
There is growing consensus that ocean warming is at least partly responsible for a recent change in the 
distribution of North Atlantic right whales (Eubalaena glacialis). This distribution shift means right whales 
now frequently appear in major shipping lanes, and fishing grounds for snow crab and American lobster, 
on the Scotian Shelf and Gulf of St. Lawrence (Davis et al. 2017, Davies et al. 2019). Consequently, since 
2017, approximately 20 right whales have been killed or injured in Atlantic Canada as a result of ship strikes 
and / or entanglement with fishing gear (Davies and Brillant 2019, Bourque et al. 2020, Fisheries and Oceans 
Canada 2021a, NOAA 2021). As there may be as few as 360 North Atlantic right whales remaining worldwide, 
there are strong concerns these mortality events could place the species closer to extinction (Pettis et al. 
2019, Moore et al. 2021). In response, the Canadian federal government imposed a series of mandatory 
regulations in 2018, including: a reduction in snow crab quota and trap limits; a large fishery closure within 
the Gulf of St. Lawrence; and dynamically managed fishery closures in any areas where whales are detected. 
As a result, the presence of North Atlantic right whales has greatly impacted crab and lobster fisheries 
operating within the region (Fisheries and Oceans Canada 2020a). 

Evidence suggests that increased temperatures in the Gulf of Maine and Scotian Shelf has reduced the 
abundance of C. finmarchicus, a species of copepod which forms a key source of food for North Atlantic 
right whales (Sorochan et al. 2019). This copepod has also exhibited a northeastward shift in distribution of 
around 8 km per decade since 1959 (Chust et al. 2013) and model projections suggest these trends will 
continue over the coming century (Villarino et al. 2015). Therefore, it is thought that the whales may have 
moved into the Gulf of St. Lawrence in search of greater food availability (Record et al. 2019, Sorochan et 
al. 2019). As C. finmarchicus density in the Gulf of Maine and Scotian Shelf is projected to decrease by as 
much as 50 % by 2081 – 2100 under a high emissions scenario (Grieve et al. 2017), higher latitude feeding 
sites, such as the Gulf of St. Lawrence, could increasingly be used by north Atlantic right whales, as well as 
other species of baleen whale (Davis et al. 2020). However, uncertainty in these projections is very high, and 
this topic very remains a very active area of research.  

2.3. New fishing opportunities 
This report has described a variety of potential climate change-related issues facing the Nova Scotian fishing 
industry (see Section 2.2). However, there is also a possibility that the introduction or expansion of 
previously rare, warm water species could provide new fishing opportunities, particularly if markets for these 
species already exist (Ojea et al. 2020). 

Annual DFO bottom trawl surveys are catching an increasing number of warm water species on the Scotian 
Shelf and Bay of Fundy (Withers 2021), and between 1 – 6 new species are captured every year (Shackell 
and Frank 2003, Bernier et al. 2018, 2019). Increasingly common species include, the American John Dory 
(Zenopsis ocellata), armored sea robins (Family: Peristediidae), spotted tinselfish (Xenolepidichthys 
dalgleishi), and the blackbelly rosefish (Helicolenus dactylopterus). The blackbelly rosefish, in particular, 
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could provide a potential commercial opportunity as fisheries already exist in the southern United States, 
Europe, and the Mediterranean (White et al. 1998, Ribas et al. 2006, Santos et al. 2020). Furthermore, this 
species is predicted to experience an increase in habitat suitability around Nova Scotia as water 
temperatures continue to warm over the coming century (Morato et al. 2020). Some members of the Nova 
Scotian fishing industry have already started the process of initiating new fisheries for some of these 
emerging species (see Section 2.3.1).  

Species distribution models for the Gulf of Maine (Allyn et al. 2020) also suggest climate change will lead 
to a substantial increase in the biomass of weakfish (Cynoscion regalis), black seabass (Paralichthys 
dentatus), Atlantic striped bass (Morone saxatilis), scup (Stenotomus chrysops), golden tilefish (Lopholatilus 
chamaeleonticeps), Atlantic menhaden (Brevoortia tyrannus), summer flounder (Paralichthys dentatus), 
clearnose skate (Raja eglanteria), and rosette skate (Leucoraja garmani). Whether these species will also 
increase in Nova Scotian waters is currently unknown, but if they did, they could provide new economic 
opportunities as fisheries already exist for many of these species in the USA (NOAA 2020). Paradoxically, 
although black seabass is highly valued as food and as game fish, some concerns have been raised that it 
could increase predation pressure on juvenile American lobster and other commercially important species 
(MLCA 2018, The University of Maine 2019). Overall, more scientific and market research is required to help 
determine:  

 How species composition is changing in Nova Scotia;  

 The potential ecological implications of these changes;  

 Whether any new or previously untargeted species may exist in commercially viable quantities; 

 What technologies could help fishermen target these species; and  

 Whether there are existing or potential new markets.   

2.3.1. Management of secondary stocks in the DFO Maritimes Region 
Initiating new fisheries for emerging species could provide one avenue for fishermen to diversify their 
income / catches and help the fishing industry be more flexible and adaptable to climate change. DFO’s 
Emerging Fisheries Policy outlines the requirements and procedures for initiating a new fishery (Fisheries 
and Oceans Canada 2008). In the Maritimes Region, a new fishery will either be managed by DFO’s 
Secondary Species Section or assigned a new unit specific to the species (Melanie Barrett, DFO, pers. comm, 
March 2021). A ‘secondary species’ refers to stocks that contribute less than 2000 tonnes in landings a year, 
or generate less than $2 million in value, however, these thresholds are currently under review (Michelle 
Greenlaw and Melanie Barrett, DFO, pers. comm, February 2021). A key difference in how DFO manage 
primary and secondary fisheries is that DFO prioritize personnel and financial resources towards the 
research, management and enforcement of primary fisheries (Fisheries and Oceans Canada 2008). Thus, for 
secondary fisheries, the responsibility for collecting fisheries data, and proposing management strategies, 
reference points, and monitoring and assessment frameworks, falls almost entirely to the fishing industry 
(Fisheries and Oceans Canada 2015). DFO Science provide advice and peer-review, and DFO Resource 
Management communicate and provide support to industry. Establishing a secondary fishery within the 
Maritimes Region generally undergoes three stages:  
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1. Experimental fishing: The industry reviews all existing knowledge and submits an experimental 
fishing proposal. If approved by DFO, the industry is then permitted to commence non-commercial 
fishing and the collection of data.  

2. Exploratory fishing: Based on information attained during the experimental phase, the industry 
submits an exploratory fishing proposal. If approved by DFO, the industry can commence small-
scale commercial fishing and more in-depth data collection (e.g. studies of biology, distribution, 
and exploration of management strategies).  

3. Commercial fishing: DFO issues a full-commercial license under strategies and tactics identified in 
in the experimental and exploratory phases that promote a long-term, sustainable fishery (Fisheries 
and Oceans Canada 2015).  

As the industry is responsible for collecting these data and proposing management strategies, initiating a 
new fishery requires substantial investment from industry, with no guarantee a commercial license will be 
issued at the end of the process. During the creation of this report, conversations were held with several 
fishing industry representatives who have recent experience with initiating secondary fisheries in Nova 
Scotia. All felt the process was overly complex, unclear, inconsistent, slow, and under-resourced / under-
prioritized which often caused the process to stall for undetermined, prolonged periods of time. 
Consequently, greater support, and a more streamlined bureaucratic processes may be required to help 
promote the development of new fisheries in Nova Scotia. Overall, this process is currently under revision 
and DFO is aiming to establish an improved, more collaborative and timely system (Michelle Greenlaw and 
Melanie Barrett, DFO, pers. comm, February 2021). 

2.4. Fisheries management in Canada  
DFO is responsible for providing scientific advice to the Government regarding the management of fishery 
resources. Typically, this advice includes an evaluation of: resource status (e.g. through single species stock 
assessment, see Section 2.4.1); the impacts of fishing and other processes; and how these compare to 
targets and objectives (reviewed in Fisheries and Oceans Canada 2019b). 

2.4.1. Single species stock assessments 
Single species stock assessments are one of the primary activities of DFO fishery scientists (reviewed in 
Pepin et al. 2020). In general, these: 

 Assess the status of populations (e.g. spawning stock biomass, size / age structure); 

 Evaluate the sustainability of different harvest strategies;  

 Project probable patterns of change on relatively short time scales (usually 1–5 years); and  

 Quantify the uncertainty and risks regarding these changes.  

Importantly, these types of stock assessments usually assume the distribution of the population is stationary 
and that the external environment is constant or varying randomly (Pepin et al. 2020). However, as discussed 
(see Section 1.2), climate change can cause directional, non-random changes (e.g. persisting increases in 
temperature and decreases in pH) that can strongly affect the distribution and productivity of fish 
populations (see Section 2.2). Consequently, climate change has the potential to invalidate single species 
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stock assessment models and hamper DFO’s management advice (Duplisea et al. 2020, Pepin et al. 2020). 
Presently, this issue is partially addressed through peer-review meetings (see Section 2.4.2) and several 
policies (established or emerging), tools, approaches and associated research programs (see Section 2.4.3). 

2.4.2. Current avenues for incorporating climate change into DFO fisheries advice  
In addition to stock assessments, peer-reviewed meetings overseen by the Canadian Science Advisory 
Secretariat (CSAS) are an integral component of the DFO fishery advisory process (Fisheries and Oceans 
Canada 2020b, d). These meetings provide several avenues for climate change to be considered in DFO’s 
management advice. However, Pepin et al. (2020) reviewed 178 DFO stock assessment documents published 
between 2000 – 2017, and found that only 46% described hypotheses or conceptual linkages between 
population dynamics and climate, oceanographic or ecological variables. Furthermore, only 21 % of stock 
assessments quantitatively included oceanographic or ecological parameters, and 31 % did so qualitatively. 
Lastly, only 27 % included climate, oceanographic or ecological information in their advisory reports (see 
also, Boyce 2021). This gap may hinder the ability of fisheries management to respond to climate change 
based on science advice provided by DFO (Fisheries and Oceans Canada 2019b, Duplisea et al. 2020, Pepin 
et al. 2020). 

2.4.3. Sustainable Fisheries Framework and other programs 
There are several established or emerging policies, tools and approaches aimed at transitioning fisheries 
management towards a more holistic ecosystem-based approach (reviewed in Paul and Stephenson 2020). 
The Sustainable Fisheries Framework (see Fisheries and Oceans Canada 2009c) encompasses a suite of 
policies which, among others: 

 Established a Precautionary Approach to Fisheries Management. This policy requires DFO to be 
cautious in providing advice when scientific knowledge is uncertain, and to not use the absence of 
adequate scientific information as a reason to delay action for preventing serious harm to fish stocks 
and their ecosystem (Fisheries and Oceans Canada 2009a); 

 Provides the foundation for implementing an Ecosystem Approach to Fisheries Management. 
This aims to replace single species approaches and requires management decisions to consider the 
wider ecological impacts of fishing and to take into account climate change and other ecological 
and environmental changes (Fisheries and Oceans Canada 2009b). 

DFO is also leading several large research programs on the effects of climate change including the ‘Aquatic 
Climate Change Adaptation Services Program’ (ACCASP, Fisheries and Oceans Canada 2020f) which 
investigates: (1) ocean chemistry (e.g. by collecting field and remote sensing data on ocean circulation); (2) 
vulnerability of fisheries and coastal infrastructure to climate change (also see example in Section 6.4); and 
(3) refining oceanographic models (e.g. for temperature, currents and ocean chemistry). The knowledge 
gained from these research programs aims to improve DFO’s understanding of how climate change is 
affecting fishery resources and will eventually be integrated in their stock management advice through the 
CSAS peer-review process (Kristian Curran, DFO, pers. comm, December 2020).  
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2.4.4. Integrating economic, social, and institutional objectives in fisheries management  
Fisheries management is moving towards a broader, more holistic, and conservation-oriented management 
approach in Canada (see Section 2.3.3). This transition is intended to help improve fisheries sustainability 
and promote management decisions that better consider the impacts of climate change on ecosystems and 
fishery resources. However, it has been argued that such ‘Ecosystem Based Fisheries Management’ cannot 
truly be implemented until management accounts for all four of the following Sustainability Objectives 
(these are commonly referred to as the "four pillars of sustainability" and are reviewed in much greater 
detail in Stephenson et al. 2019a, Stephenson et al. 2019b): 

1. Ecological: Fisheries management should maintain fisheries productivity while protecting other 
biodiversity and habitats. 

2. Economic: Fisheries management should promote long-term economic prosperity for commercial, 
recreational, and aboriginal fisheries, and ensure an economically viable and competitive fishing 
industry that is adaptable to changing markets. Managers should also consider promoting 
aquaculture to diversify income and diets. 

3. Social / cultural: Fisheries management should cater for the well-being of the entire fishing 
workforce within communities and promote the development of new sustainable economic 
opportunities.  

4. Institutional: Fisheries management should be an effective decision-making process that is 
transparent, democratic, and adaptive. It should include effective policies and agreements that 
specify roles, responsibilities, legal obligations, and governance structure, while promoting resource 
stewardship.  

At present, fisheries management in Canada, and most other countries, does not fully address all these 
Sustainability Objectives. Ecological Objectives are by far the key focus, but some Economic Objectives are 
also addressed. For example, federal and provincial agencies track economic revenue from fishing and 
seafood processing (e.g. Fisheries and Oceans Canada 2020e, Nova Scotia Department of Fisheries and 
Aquaculture 2020d, Fisheries and Oceans Canada 2021b), and make efforts to track, maintain and / or 
increase employment in these sectors (e.g. Food Processing Skills Canada 2019). However, the Social, 
Institutional, and other Economic Sustainability Objectives receive much less attention, and tend to be 
considered, if at all, very late through the management advice process (also see Section 2.3.2), or through 
political decisions (reviewed in Stephenson et al. 2019b). This narrow focus, combined with the following 
factors, may impede flexibility of the fishing industry to adapt to climate change (also see Section 6.1.2 on 
Adaptative Capacity):  

 High economic dependence on shellfish: American lobster, northern shrimp, sea scallop and 
snow crab represent over 88 % of all fisheries value in Nova Scotia (Fisheries and Oceans Canada 
2021b). However, climate change will likely impact the productivity and distribution of these 
fisheries, as well as a wide range of finfish fisheries, in Nova Scotia (see Section 2.2). Consequently, 
this economic dependency on a narrow range of resources means any climate-driven changes could 
have serious socioeconomic consequences for communities which are highly dependent on marine 
fisheries (Barnett et al. 2017, Mombourquette 2019, Stephenson et al. 2019b).  
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 High entry costs: Many commercial fisheries are ‘limited entry’, where the number of licenses is 
limited. This usually means a prospective fisher must purchase a license from an existing license 
holder, sometimes at the cost of several hundred thousand dollars or more. Such a large investment 
could deter fishermen from attempting to secure other licenses and diversify their catches.  

 Spatial and seasonal rigidity: Fishing licenses are often spatially and seasonally restricted, 
meaning fishermen are only permitted to fish specific areas during certain times of the year. 
However, as discussed (see Section 2.2), climate change is impacting the productivity, distribution, 
timing of molting, and other key life stages, of many fisheries in Nova Scotia. Thus, the current 
licensing system may be too rigid to allow fishermen to adjust their practices in response to any 
climate-driven changes.  

 Barriers to new fisheries: As discussed (see Section 2.3.1), establishing a new fishery in Nova Scotia 
requires a high level of investment from the fishing industry, and usually imposes high levels of 
uncertainty / investor risk. Therefore, it could be challenging for a small, independent fishing 
operation to secure the resources necessary to conduct the scientific research, and regularly consult 
with DFO, during the licensing process for initiating a new secondary fishery.  

The examples in this section highlight the need for fisheries management to operate on both short- and 
long-time scales, and to consider all four sustainability objectives, especially from the perspective of entire 
coastal communities. Broader, socio-ecological questions must be addressed, such as:  

 What are the primary fishery resources in a community?  
 How are these likely to change over the coming decades?  
 What is the current state of the fishing fleet and what licenses are currently held?  
 What other species are available to catch? 
 How easily can fishermen track distribution changes in targeted stocks? 
 Will licensing systems and legislation need to be less prescriptive to improve flexibility, in light of 

changing species’ distributions, productivity, moulting, and other key life stages? 
 What can be done to help coastal communities diversify their income and catches?  

Although this will be a highly complex task, integrating ecological, economic, social, and institutional 
aspects into fisheries management is considered critical for their sustainable development, and for 
management to operate effectively in light of climate change (Garcia et al. 2014, Stephenson et al. 2017, 
Stephenson et al. 2018, Foley et al. 2020, Paul and Stephenson 2020). The Canadian Fisheries Research 
Network, comprising of DFO scientists, and international experts and industry leaders, proposed an 
integrated management framework that could achieve this ambitious but highly important goal 
(Stephenson et al. 2019a, Stephenson et al. 2019b). 

3. Aquaculture in Nova Scotia 
3.1. Past and present status 
The aquaculture industry in Nova Scotia has seen substantial growth since the early 1990’s, with production 
increasing five-fold since 1995 (Figure 6). This growth is mostly due to the recent expansion of the Atlantic 
salmon (Salmo salmar) industry, and to a much lesser extent, steelhead / rainbow trout (Oncorhynchus 
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mykiss) and brook trout (Salvelinus fontinalis). Consequently, finfish aquaculture now represents 81 % of all 
aquaculture production by weight (8,201 tonnes in 2019) and 93 % by value ($69.5 million in 2019).  

 

Figure 6 | Aquaculture production levels and value in Nova Scotia for 2019 divided by species (top), and over 
time (bottom) divided by finfish and shellfish. Salmon = Atlantic salmon, trout = rainbow and brook trout, mussel, 
= blue mussel, oyster = American oyster, scallop = sea scallop. Source: Nova Scotia Department of Fisheries and 
Aquaculture (2020b). Gaps represent years with no available data. 

Blue mussels (Mytilus edulis) make-up the majority of shellfish production in Nova Scotia, representing 13 
% of all aquaculture production by weight (1,329 tonnes in 2019) and 3 % by value ($2.1 million in 2019). 
Production of American oyster (Crassostrea virginica) generates comparatively more value ($2.7 million in 
2019) than blue mussel, despite production being substantially lower (just 236 tonnes in 2019). A small 
number of shellfish growers in Nova Scotia produce quahog (Arctica islandica), sea scallop, bay scallop 
(Argopecten irradians), and soft-shelled clam (Mya arenaria).  
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Although finfish aquaculture dominates production and value in Nova Scotia, the shellfish aquaculture 
industry is also economically and socially important. For example, there are currently many more 
aquaculture leases issued for the production of shellfish (169 leases) than finfish (33 leases) (Nova Scotia 
Department of Fisheries and Aquaculture 2020a). The shellfish aquaculture sector also employs more people 
than the finfish sector (Nova Scotia Department of Fisheries and Aquaculture 2020b). Furthermore, there 
are initiatives underway to facilitate growth of the shellfish aquaculture industry such as the proposed 
Aquaculture Development Area (ADA) in Lobster Bay. This is currently under assessment by the Nova Scotia 
Department of Fisheries and Aquaculture (NSDFA) and the Municipality of the District of Argyle 
(www.aquacultureargyle.com) for shellfish and marine plants culture. The aim of ADA’s is to attract 
investment from growers to establish new operations within pre-defined areas that have already been 
assessed, including a public process, to ensure aquaculture development is socially, environmentally, and 
economically suitable (Matthew King, NSDFA, pers. comm, July 2020). 

Finally, there are a small number of land-based aquaculture operations in Nova Scotia which culture finfish 
or marine plants. There is also growing interest in developing new aquaculture facilities in Nova Scotia, 
including new land-based aquaculture systems for finfish, and new open water facilities for culturing 
seaweed and / or kelp. Interestingly, some seaweed species might benefit from increased concentrations of 
atmospheric and dissolved carbon dioxide (Beardall et al. 1998), while other species (e.g. those with calcium-
based structures) might be negatively affected by ocean acidification (Kroeker et al. 2010). Similarly, several 
studies suggest a variety of seaweed and kelp species will undergo climate-driven shifts in distribution and 
abundance in the Northwest Atlantic (Khan et al. 2018, Wilson et al. 2019), which could have consequences 
for marine plant aquaculture and wild harvesting in Nova Scotia.  

3.2. Shellfish aquaculture and climate change  

3.2.1. Temperature 
Generally, blue mussels and American oyster exhibit higher feeding rates and faster growth at warmer 
temperatures (Steeves et al. 2018). However, the extent of warming projected for Atlantic Canada (see 
Section 1.2.2) is only predicted to improve growing conditions for American oyster (Filgueira et al. 2016, 
Steeves et al. 2018, Steeves and Filgueira 2019). American oyster can survive a wide range of temperatures 
(approximately -2 to 36 °C for adults) and tolerate temperatures up to 32 °C without any negative effects 
on their growth and physiology (reviewed in Talmage and Gobler 2011, Brennan et al. 2016, Filgueira et al. 
2016). In contrast, blue mussels tolerate a narrower range of temperatures (approximately -1.5 to 25 °C for 
adults) with their feeding and growth rates declining sharply above 20 °C, while temperatures above 27 °C 
can be lethal (LeBlanc et al. 2010, Feindel et al. 2013). Therefore, ocean warming may pose an increasing 
threat to the blue mussel aquaculture industry in Atlantic Canada. Steeves et al. (2018) suggests the blue 
mussel aquaculture industry could avoid the potentially negative effects of ocean warming by relocating 
further offshore in deeper and cooler waters.  

3.2.2. Ocean acidification 
Laboratory studies suggest lower pH values can reduce growth rates (Berge et al. 2006) and shell thickness 
in blue mussels (Gazeau et al. 2010), potentially increasing their mortality and susceptibility to predation 
(Feindel et al. 2013, Reid et al. 2019b). Ocean acidification can also weaken mussel attachment to hard 
surfaces (O'Donnell et al. 2013), which could increase the risk of their dislodgment from aquaculture gear. 
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Although similar effects of acidification have been reported for American oyster (Miller et al. 2009, 
Waldbusser et al. 2011, Gobler and Talmage 2014), this species is considered to be relatively resistant to 
ocean acidification (Gobler and Talmage 2014, Lemasson et al. 2017). In general, shellfish larvae tend to be 
more vulnerable to ocean acidification than juveniles and adults (reviewed in Talmage and Gobler 2011, 
Reid et al. 2019b), which could pose a risk to aquaculture operations which primarily rely on collecting wild 
seed (also see Section 3.2.5).  

3.2.3. Harmful algal blooms 
Harmful algal blooms are events of high phytoplankton abundance, comprised of species which can 
produce toxins harmful to humans, fish, and other organisms (Landsberg 2002). As mussels, oysters, and 
other bivalve species feed on plankton, they can accumulate these toxins within their tissues, which can lead 
to severe, or even lethal shellfish poisoning if consumed by humans (Hégaret et al. 2009, Griffith and Gobler 
2020). In Atlantic Canada, there are three main types of shellfish poisoning (reviewed in Feindel et al. 2013): 

1. Paralytic shellfish poisoning: by the dinoflagellate alga, Alexandrium fundyense.  

2. Diarrhetic shellfish poisoning: by dinoflagellates in the genus Prorocentrum or Dinophysis.  

3. Amnesic shellfish poisoning: by the diatom alga, Pseudo-nitzschia pungens. 

Evidence suggests that ocean warming has increased the duration, frequency, growth rates, and spatial 
extent of these harmful algal blooms in the Northwest Atlantic (Gobler et al. 2017). In some regions, the 
duration of these blooms has increased by 3 – 8 weeks and are developing 3 weeks earlier in the year 
compared with the 1990’s. However, there is little risk to public health as federal and provincial agencies 
continually monitor shellfish and impose strict harvesting closures in areas with high toxin levels (CFIA 2019, 
Department of Fisheries and Oceans 2020). Nevertheless, increasing harmful algal blooms may lead to more 
frequent and longer shellfish harvest closures, which could prevent the shellfish aquaculture industry from 
getting their products to market (Feindel et al. 2013). Thus, harmful algal blooms may become more of a 
problem to the shellfish aquaculture industry as ocean temperatures continue to rise in Atlantic Canada 
(see Section 1.2.2). 

3.2.4. Disease 
Two diseases in American oyster have spread northwards from the southern United States since the 1940’s 
– 1950’s (Figure 7), and are likely being driven by warmer temperatures and higher salinities (reviewed in 
Soniat et al. 2008, Burge et al. 2014): 

1. Dermo disease is caused by the single-cell protozoan, Perkinsus marinus. It caused 50 % mortality 
in American oyster populations across the Gulf of Mexico but is yet to reach as far north as New 
Brunswick or and Nova Scotia, (Soniat et al. 2008).  

2. MSX disease or ‘Multinucleate Sphere X’ is caused by the protozoan, Haplosporidium nelson, and 
can cause mortality rates up to 90 – 95 % (reviewed in Levinton et al. 2011). In 2002, MSX disease 
arrived in the Bras d’Or lakes region in Cape Breton, where it had a devastating impact on the 
American oyster aquaculture industry, the local economy, and First Nation communities (Vercaemer 
et al. 2010, AAC 2012, Lavoie 2012). As this region is responsible for the majority of oyster 
production in Nova Scotia, provincial production of oyster declined by 62 % between 1999 – 2006 
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(Nova Scotia Department of Fisheries and Aquaculture 2020b). The Nova Scotian oyster aquaculture 
industry is yet to fully recover and mortality from MSX is estimated to cost the industry 
approximately $1 million every year (Omand 2013). Interestingly, preliminary investigations in Nova 
Scotia suggest suspended bag production methods may reduce oyster susceptibility to MSX (Rod 
Beresford, Cape Breton University, pers. comm, 19th November 2020) which may have an added 
advantage of causing less disturbance and shading to seagrass (reviewed in Howarth et al. 2021).  

 
Figure 7 | Years of first reported cases of MSX and dermo disease in American oyster. Trends suggest a gradual 
northward spread of infection across the eastern coast of USA and Canada. Adapted from Burge et al. (2014). 

Overall, ocean temperatures and salinity in the Northwest Atlantic are projected to continue increasing (see 
Section 1.2) which will likely improve the growth of these protozoan diseases. Thus, there is potential that 
both diseases will continue spreading northwards and for dermo to reach Nova Scotia sometime in the 
future (Rod Beresford, Cape Breton University, pers. comm, November 2020).  

3.2.5. An increasing demand for oyster hatcheries 
The effects of ocean warming, acidification, and increased disease prevalence may partly explain why the 
collection of wild oyster seed has become increasingly unreliable in Nova Scotia (Rod Beresford, Cape 
Breton University, pers. comm, November 2020). In fact, consistent and reliable access to seed is one of the 
biggest concerns for oyster growers in Nova Scotia (Mayer 2019). While there are some oyster hatcheries 
in New Brunswick and Prince Edward Island, government regulations state that growers in the Bras d’Or 
lakes cannot import or export seed, in order to reduce transmission of MSX disease (AAC 2012). Growers in 
this region are, therefore, perhaps in the greatest need of an oyster hatchery. Ideally, multiple oyster 
hatcheries would be developed in Nova Scotia. This would help ensure: (1) growers have a reliable source 
of seed; (2) growers in the Bras d’Or lakes have access to their own hatchery; and (3) multiple hatcheries 
should promote genetic diversity, greater disease resistance and reduced transmission risk (Rod Beresford, 
Cape Breton University, pers. comm, November 2020).  
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3.3. Finfish aquaculture and climate change 
As temperature and oxygen strongly influence fish growth, physiology and mortality, there is potential that 
ocean warming and declining oxygen concentrations could impact the finfish aquaculture industry in Nova 
Scotia (reviewed in Feindel et al. 2013, Reid et al. 2019a, Reid et al. 2019b).  

When reared in open net-pens, Atlantic salmon generally display optimal rates of feeding and growth at 
water temperatures between 8 – 12 °C (reviewed in Elliott and Elliott 2010, Feindel et al. 2013). Both feeding 
and growth decline above 16 °C, temperatures of 22 – 28 °C can cause 50 % mortality after 7 days, and 
temperatures above 30 °C are lethal after 10 minutes (Handeland et al. 2003, Handeland et al. 2008, Elliott 
and Elliott 2010). Higher water temperatures can also increase oxygen consumption in salmon and trout 
(Forsberg 1994) which could impact their feeding and growth (Remen et al. 2016). Oxygen concentrations 
above 8 mg L-1 are generally considered to be optimal for salmon production (Forsberg and Bergheim 1996, 
Thorarensen and Farrell 2011); concentrations below 6 mg L -1 are stressful; concentrations below 2.5 mg L 
-1 can asphyxiate fish and cause them to surface for air; while oxygen concentrations below 1.7 mg L -1 are 
lethal (Kazakov and Khalyapina 1981, Burt et al. 2012). Environmental parameters for rainbow and brook 
trout are largely similar to those for Atlantic salmon (reviewed in Feindel et al. 2013). 

Higher temperatures reduce the capacity for seawater to hold oxygen (Gruber 2011) which can further 
exacerbate the physiological effects of low oxygen and high temperatures on finfish. For instance, the 
combined effects of high water temperatures and low oxygen concentrations led to the death of 
approximately 2 million farmed salmon in Newfoundland during an unusually warm November in 2019 
(Bundale 2019, CBC 2019, Montgomery 2019). Conversely, temperatures below -0.7 °C are also lethal 
(Saunders et al. 1975) and such ‘super chill’ events have been linked to the death of large numbers of farmed 
fish in Nova Scotia (CBC 2015, CTV 2015, Willick 2019). Therefore, warming ocean temperatures in Atlantic 
Canada may reduce the exposure of salmon to critically low winter temperatures and increase the length of 
the optimal growing period. However, it may also increase fish stress and mortality if temperature and 
oxygen levels rise / drop below lethal thresholds (Feindel et al. 2013).  

In attempt to reduce the risk of extreme temperature and oxygen events, growers in Nova Scotia are 
currently testing the viability of lengthening the period of time in which salmon spend in land-based 
facilities, thus reducing the time they spend at sea from two years to one (Duchene 2017). Growers are also 
trialing the use of aeration units to increase oxygen concentrations at farm sites. However, preliminary 
evidence suggests that, while these units can increase oxygen levels above the lethal threshold, they are 
not enough to restore normal rates of feeding and growth (Meredith Burke, Dalhousie University, pers. 
comm, November 2020). 

Warmer temperatures may also increase the occurrence and duration of harmful algal blooms in Atlantic 
Canada (see Section 3.2.3), which can cause stress and mortality in farmed finfish (reviewed in Bates et al. 
2020). There is also potential that warming ocean temperatures might increase the risk of sea lice infection 
as higher temperatures can increase sea lice growth, speed up their life cycle (Stien et al. 2005, Groner et al. 
2014), and exacerbate the negative effects lice have on salmon growth, physiology, and mortality (Boxaspen 
2006, Godwin et al. 2020, Medcalf et al. 2021). Furthermore, the use of hydrogen peroxide is a common 
treatment method used to remove sea lice, but it can only be applied in temperatures up to 14 °C, as 
temperatures above this can increase mortality risk during treatment (Kiemer and Black 1997). Thus, warmer 
temperatures may result in a shorter period when hydrogen peroxide treatments can be applied safely 
(Feindel et al. 2013). Fortunately, sea lice levels are low in Nova Scotia, meaning minimum treatment 
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thresholds have not been exceeded, and that no treatments for sea lice are currently required (Roland 
Cusack, NSDFA, pers. comm, June 2020; Anthony Schnyder, NSDFA, pers. comm, March 2021). 

3.4. Interactions between wild stocks and aquafeed production 
Farmed salmon and trout are fed aquafeeds that are high in protein, omega-3 fatty acids, and other natural 
oils. These ingredients are partly derived from small, wild fish such as herring, mackerel, sardine, and 
anchovy (Tacon 2020). As many of these wild species are expected to shift and decline under climate change, 
there is potential for climate change to affect supplies of key ingredients for aquafeed production (Reid et 
al. 2019b). However, the aquafeed industry are increasingly sourcing alternative ingredients including 
soybeans, wheat, livestock by-products, and oils derived from plants and algae (Tacon 2020, Naylor et al. 
2021). Given current and anticipated ingredient alternatives, climate change is not expected to limit the 
production of aquafeeds (World Bank 2013). 

3.5. Potential for adaptation in the aquaculture industry 
Compared to wild capture fisheries, the aquaculture industry may have an adaptive advantage over wild 
fisheries as producers have some control of their stock and environmental conditions. Land-based facilities 
have almost full control of water temperatures, salinity, and oxygen concentrations, while open water 
facilities have potential to site in (or relocate to) areas with more suitable environmental conditions. 
Furthermore, the industry is increasingly utilizing real time monitoring technologies, allowing farmers to 
track oxygen, temperature, and a wide range of other parameters to inform their management and 
mitigation strategies. Technologies are also being developed that can allow open water producers to 
supplement oxygen levels and upwell deeper, cooler waters to mitigate the effects of harmful algal blooms. 
Growers can also select for disease resistant strains, use vaccines, and treat stock for disease and parasites. 
Finally, the industry also has potential to select and grow alternative species if some species become non-
viable under climate change (see Reid et al. 2019a and references therein). 

3.6. Effects of multiple stressors on fisheries and aquaculture  
The previous sections of this report describe how fisheries and aquaculture in Nova Scotia may be affected 
by a wide range of climate change-related stressors. However, these stressors are not occurring in isolation. 
Multiple stressors can interact, and the effects of one may cause organisms to become more sensitive to 
another. As these interactions are complex and under studied, the impacts of multiple stressors on the 
aquaculture and fishing industries are largely unknown (reviewed in Reid et al. 2019a, Reid et al. 2019b). 

4. Climate change impacts on coastal communities  
The previous sections of this report review how climate change may impact fishery and aquaculture 
resources in Nova Scotia. However, climate change will also affect the towns and communities in which 
these industries, and their workers, are based (Table 4). For example, it has been estimated that: 

 Over 58,000 properties are located on Nova Scotia’s coastline and over 80,000 properties are within 
50 m of the high water mark (Nova Scotia Environment 2018);  
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 70 % of Nova Scotia’s population live within 20 km of the coast (Nova Scotia Environment 2019b); 
and 

 There are more than 360 coastal communities in Nova Scotia, many of which have less than 1000 
inhabitants (Environment Canada 2005).  

Table 4 | Potential impacts of climate change on Nova Scotian coastal communities, excluding impacts to fisheries 
(see Section 2) and aquaculture (see Section 3). Sources: Environment Canada (2005), MacCallum (2010), Fisher 
(2011), Greenan and Warburton (2013), Lemmen et al. (2016), Greenan et al. (2019b). 

Category Threat 

Housing Increased risk of property damage due to coastal flooding and erosion, 
potentially increasing insurance prices.  

Power supply Increased risk of power outages due to coastal flooding, erosion, higher 
wave heights, storms and falling trees. 

Water and sewage 

Increased risk of saltwater intrusion, contamination to aquifers and wells 
from flooding and sea level rise, affecting groundwater supplies.  

Increased risk of damage / failure of sewer systems due to coastal flooding 
and sea level rise. 

Roads and related 
infrastructure 

Increased risk of road damage and road closures due to coastal flooding, 
erosion, and higher wave heights.  

Warmer air temperatures may increase the frequency of freeze-thaw 
cycles, potentially causing more damage to roads and sidewalks.  

Emergency Services 
Damages to infrastructure could restrict emergency access. 

Increased demand for emergency search and rescue, and emergency 
responses, to extreme winds, waves, floods, storms, and sea ice changes.  

Harbours and 
waterways 

Increased risk of damage and maintenance costs of ports, harbours, 
marinas, and slipways due to coastal flooding, erosion, sea level rise, 
storms, and changes in sea ice.  

Increased need to repair, relocate, or replace fixed and floating navigational 
aids (e.g. buoys, lighthouses, breakwaters, and repeater stations) due to sea 
level rise, coastal erosion, flooding and storms. 

Increased need for channel dredging due to sediment transport caused by 
changes in sea level and coastal erosion. 

 

All the threats described in this section are interconnected and will likely impact both the fishing and 
aquaculture industries. For example: increased road closures could impact the ability for fishermen and 
producers to get their products to domestic and international markets; power cuts and impacts to 
groundwater supplies could impact food processing operations; damage to harbours could impact access 
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to boats and ability to land catches / product; while weather changes and damage to navigational aids 
could impact worker safety.  

5. Climate change policies and strategies 
5.1. International and federal policies 
Climate change and related environmental issues have become a key policy focus for governments as well 
as the United Nations. Canada, among many other countries, has signed / ratified numerous international 
treaties aimed at reducing global greenhouse gas emissions. Presently, Canada is engaged in 116 
international environmental agreements and agreements (a full list is available at Government of Canada 
2020g). Appendix 1 provides an overview of Canada’s major international climate change agreements, and 
details how Canada is on track to fail most of its international emissions targets.  

5.2. Provincial climate change strategies  
Although Canada is failing to meet most of its international emissions targets, Nova Scotia achieved a 26 % 
reduction in greenhouse gas emissions between 2005 – 2018, the second largest reduction in the country 
after New Brunswick (Canadian Institute for Climate Choices 2020). Consequently, Nova Scotia has already 
surpassed its emissions targets (Hughes 2016) made under the Pan-Canadian Framework (see Appendix 1). 
Some of the key provincial policies which helped Nova Scotia achieve this are summarized in Appendix 2. 
There are also several provincial policies which aim to assist Nova Scotian communities adapt to the impacts 
of climate change, as described below.  

5.2.1. Municipal Climate Change Action Plans (MCCAPs) 
Nova Scotia is the first Canadian province or territory to mandate the development of Municipal Climate 
Change Action Plans (MCCAP; Fisher 2011, Philp and Cohen 2019). This mandate requires municipalities to 
investigate their greenhouse gas emissions sources and local climate hazards, and to prioritize developing 
solutions that help their communities mitigate and adapt to climate change (reviewed in Cohen et al. 2019). 
This exercise promoted direct engagement between municipalities and local businesses, property owners, 
and citizens, and combined with municipal jurisdiction over local public services, has distinctively positioned 
municipalities as an impetus for action on climate change in Nova Scotia (reviewed in Cohen et al. 2019). 

5.2.2. Coastal Protection Act 
The provincial Coastal Protection Act was passed in 2019 and will impose vertical (i.e. distance below sea 
level) and horizontal (i.e. distance from high water) setbacks for future construction developments to 
safeguard them from sea level rise, coastal flooding, storm surge, and coastal erosion (Nova Scotia 
Legislature 2019). These regulations are currently being developed through an extensive public and 
stakeholder consultation process (Province of Nova Scotia 2020). 

5.3. Climate change adaptation and mitigation funding programs 
There are several funding programs in Canada to help reduce greenhouse gas emissions, improve / build 
new infrastructure, and provide education and training programs relating to climate change. However, many 
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of these are very specific to certain sectors, communities, or levels of government, and are not aimed at the 
seafood industry.   

5.3.1. Federal funding programs  

 Disaster Mitigation and Adaptation Fund supports large-scale infrastructure projects to help 
communities across Canada better manage the risks of natural disasters (Government of Canada 
2020b). So far, Nova Scotia has received over $56 million to upgrade 64 km of dykes, which will 
help protect over 60 communities in Hants, Annapolis, Cumberland and Colchester counties from 
flooding (Fairclough 2019).  

 Low Carbon Economy Fund aims to promote greenhouse gas emission reductions across Canada 
(Government of Canada 2020e). Nova Scotia received $56 million in 2019, which was invested in 
Efficiency Nova Scotia (see Appendix 2)  

 Federal Gas Tax Fund provided more than $114 million to Nova Scotia between 2019-2020 for 
local infrastructure projects (Government of Canada 2020d). Communities select how best to direct 
the funds and have the flexibility to make strategic investments across 18 different project 
categories including: drinking water; community energy systems; local roads and bridges; and 
disaster mitigation.  

 Climate Adaptation Leadership Program overseen by Natural Resources Canada (NRCan), $1 
million has been allocated to train Nova Scotian decision-makers and business leaders on the 
development, implementation and evaluation of climate change adaptation strategies to help 
ensure climate change adaptation considerations are integrated into existing business practices 
(Government of Canada 2020a). 

 EcoAction Community Funding Program is overseen by Environment Climate Change Canada 
(ECCC) and provides financial support (maximum of $100,000) to non-profit and non-government 
organizations for local action-based projects that produce measurable, positive effects on the 
environment (Government of Canada 2021).   

5.3.2. Provincial funding programs 

 Green Fund was established in 2019 to receive and distribute revenues under Nova Scotia’s Cap 
and Trade Program (Nova Scotia Environment 2019a, Climate Change Nova Scotia 2020). It will 
generate about $27 million in revenue in 2020, increasing to $32 million in 2023. These funds will 
be used to support measures that reduce greenhouse gas emissions, promote climate change 
adaptation, and reduce economic and social impacts. 

 Sustainable Communities Challenge Fund will be created under the Environmental Goals and 
Sustainable Prosperity Act (see Appendix 2) to support community climate change projects. The 
regulations to accompany the Act are currently being developed and will outline details of the 
funding program (Province of Nova Scotia 2019c). 
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5.3.3. Funding for Municipalities 

 Green Municipal Fund supports capital projects that improve air, water and soil quality, and reduce 
greenhouse gas emissions (Federation of Canadian Municipalities 2020a). 

 Municipalities for Climate Innovation Program provides funding, resources, and training for 
municipalities to adapt to climate change (Federation of Canadian Municipalities 2020c). 

 Municipal Asset Management Program offers funding, training and resources to help 
municipalities make decisions about maintaining, replacing and repairing municipal infrastructure 
(Federation of Canadian Municipalities 2020b). 

6. Planning and guiding climate change adaptation measures 
The fishing (see Section 2) and aquaculture industries (see Section 3), and the communities in which they 
are based (see Section 4), are set to experience a large number of changes over the next 30 – 80 years as a 
consequence of climate change. Anticipating and planning for these changes will likely be less disruptive 
for communities and businesses, and more economically effective for governments and decision makers, 
than reacting to changes after they occur (Reid et al. 2019a, Takakura et al. 2019, Jacques 2020). For example, 
reinforcing, repairing, relocating, or replacing coastal infrastructure before they are damaged would require 
less expenditure of public funds, and be less disruptive to commercial activities. In the same way, identifying 
which fishery resources will be negatively affected by climate change, and assisting the fishing industry 
target and market new species, would have less socio-economic impacts than introducing new 
management measures after resources decline. Therefore, it is important to consider adaptation measures 
sooner rather than later. 

6.1. Vulnerability assessments 
‘Vulnerability assessments’ can aid the advanced planning of adaptation measures by identifying which 
communities or sectors are the most vulnerable to climate change, thereby allowing decision makers to 
prioritize adaptation efforts (Adger 2006, IPCC 2014, Krishnan et al. 2019). Generally, vulnerability 
assessments are based on three components: ‘exposure’, ‘adaptive capacity’, and ‘sensitivity’ (Islam et al. 
2019, Krishnan et al. 2019, Soto et al. 2019, Kling et al. 2020, Mafi-Gholami et al. 2020), as described in the 
following sections.  

6.1.1. Exposure 
Exposure measures how much a community, sector, or resource will be impacted by future climatic stressors 
based on their scale, frequency, duration, and extent (Adger 2006, Hunter et al. 2015). ‘Risk’ is closely related 
to exposure and the two terms are often used interchangeably (e.g. Soto et al. 2019). However, ‘risk’ is 
usually used to describe the potential of an adverse outcome and is defined by the IPCC as the probability 
of a hazardous event multiplied by its impacts (IPCC 2014). Of the three vulnerability components, exposure 
arguably benefits the most from quantitative data. Although, some form of qualitative and subjective 
weighting system is usually applied to scale the resulting exposure values. For example, Kim et al. (2019) 
assessed the vulnerability of the Korean aquaculture industry to climate change and made comparisons 
between different regions, species, and years. They did this by calculating exposure index scores (ranging 
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between 1 – 7) based on projected changes in temperature and salinity for 2030, 2050, and 2100, under 
two IPCC emissions scenarios.

6.1.2. Adaptive capacity
Adaptive capacity measures how much a community, sector, or resource, can adjust to change (Smit and 
Wandel 2006, IPCC 2014). For example, Stoll et al. (2017) identified that 88 % of fishermen in Maine had low 
to medium adaptive capacity due to their high dependency on lobster, and that the limited entry licensing 
system in place for many fisheries makes it difficult for fishermen to target different species and diversify 
their catches. Colburn et al. (2016) reported similar findings (Figure 8). Adaptive capacity is also strongly 
influenced by human behaviour. For example, low perceptions of risk in high exposure areas can lead to 
reduced preparation and protective behavior, which has led to catastrophic consequences at times (e.g. 
Messner and Meyer 2006, Rufat et al. 2015, Medina et al. 2020). Given the influence of human behaviour, 
adaptive capacity is not easily quantifiable. Marshall et al. (2010, 2013) developed an adaptive capacity index 
for coastal communities based on the percentage of survey respondents that agreed or disagreed with 
statements related to four topics: 

1. How risk and uncertainty are perceived and managed;
2. The development of skills for planning, learning, reorganizing, and experimenting;
3. The degree of financial and emotional flexibility; and
4. The level of interest and willingness to undertake change.

Figure 8 | The diversity, value, and vulnerability of fishing-dependent communities along the Eastern Coast of 
USA. Fishing communities in the Gulf of Maine were only moderately vulnerable to climate change despite their 
high dependency on lobster (i.e. low catch diversity). Adapted from Colburn et al. (2016). 

6.1.3. Sensitivity
Sensitivity measures how much a community or sector will be affected by climate change based on socio-
economic factors (Sarkodie and Strezov 2019) and is often closely associated with levels of resource-
dependency (Marshall et al. 2013). Sensitivity can also be a function of affluence as economically developed 
areas are likely to have higher adaptive capacity (Krishnan et al. 2019, Thomas et al. 2019). For example, 
well-designed and well-financed coastal infrastructure are likely to better withstand extreme events 



Climate Change Vulnerability | 42 
 

compared to those that are poorly designed and poorly financed. This means areas with higher sensitivity 
are not necessarily the most vulnerable as sensitivity can be offset by adaptive capacity (Figure 9 ; Marshall 
et al. 2013). 

 

Figure 9 | Figurative diagram showing how adaptive capacity can reduce vulnerability by offsetting sensitivity 
and exposure. Adapted from Thomas et al (2019). 

Although sensitivity often has a strong socio-economic focus, it can also utilize biophysical data. For 
example, Johnson and Welch (2009) measured the sensitivity of several commercial fisheries in Australia to 
climate change. They did this by scoring quantitative data on key fishery variables including changes in 
species’ distribution, reproduction, physiology, growth, phytoplankton, and larval survival and transport. 
Overall, they identified that inter-reef trawl fisheries for small crustaceans and molluscs were the most 
sensitive to climate change and should, therefore, be a priority for future management efforts.  

6.2. Approaches for assessing climate change vulnerability  
There are many different ways to assess climate change vulnerability (e.g. Fu et al. 2019, Rakib et al. 2019, 
Sarkodie and Strezov 2019, Medina et al. 2020), and at present, no approach is considered to be better or 
more suitable than any other (Hunter et al. 2015). The earliest climate change vulnerability assessments 
focused solely on the evaluation of exposure but have evolved to become more holistic and to make 
recommendations for the advanced planning of adaptation measures (Figure 10). 

A common approach for assessing vulnerability is to create indices of exposure, sensitivity, and adaptive 
capacity, which are then combined to form an overall index of vulnerability. For example: 

Cumulative vulnerability index = Exposure index + Sensitivity index + Adaptive capacity index 

The data used to calculate indices of exposure, sensitivity, and adaptive capacity can be quantitative, semi-
quantitative and / or qualitative, and can come from a variety of sources such as biophysical data, 
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questionnaires and interviews (Avelino et al. 2018, Xu et al. 2020). These various data are usually known as 
indicators and are typically organized into a list, rubric, or table, to help organize and assign scores (Table 5). 
As many different indicators can be identified and examined, it can be difficult to determine which are the 
most important in determining vulnerability. In these circumstances, principal components analysis (PCA) 
and other analyses may be used to identify the most important drivers and reduce the number of factors 
included in subsequent analyses (e.g. Macusi et al. 2020, Medina et al. 2020). 

 
Figure 10 | A conceptual approach for assessing climate change vulnerability of coastal communities dependent 
on ocean resources. Adapted from Marshall et al. (2013). 

Table 5 | Example of a vulnerability indicators organised as a rubric. Adapted from Sarkodie and Strezov (2019). 

Index Fishery resources Coastal infrastructure 

Exposure Projected changes in species 
abundance and distribution. 

Projected sea level rise and wave 
heights. 

Sensitivity Level of dependency upon the 
resource. Percentage income from fishing.  

Adaptive 
capacity Ability to target alternative species. Gross Domestic Product (GDP) of 

municipality.  

 

Communities with greater dependency on ecological resources, such as wild capture fisheries, are inherently 
more vulnerable to climate change. Consequently, the level of resource dependency dictates the potential 
for socio-economic impacts (Marshall et al. 2013, Greenan et al. 2019b). In these instances, assessing the 
vulnerability of the resource (e.g. how likely will the resource experience a reduction in abundance) is a 
prerequisite for assessing the vulnerability of the resource-dependent community (Hunter et al. 2015). 
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One example where the three components of vulnerability (i.e. exposure, sensitivity, and adaptive capacity) 
were assessed in the context of fishery-dependent communities is provided by Ekstrom et al. (2015), who 
assessed the vulnerability of shellfish fisheries in the USA to ocean acidification. Exposure was based on 
models of projected carbonate availability (see Section 2.2.2). Sensitivity was determined by resource 
dependency and proportion of income from shellfish fisheries. While adaptive capacity was based on the 
proximity of coastal communities to scientific laboratories and research institutions, as well as the current 
state and progressiveness of climate change legislation and policy. The most socially vulnerable 
communities were identified to be on the US East Coast and in the Gulf of California, however, the reasons 
for their high vulnerability were very different. East Coast fisheries were identified as being highly dependent 
on shellfish, particularly molluscs, which are more at risk to ocean acidification. In contrast, the Gulf of 
California was identified as having low adaptive capacity due to low political engagement in acidification 
and climate change related issues, low diversity of shellfish catches, and relatively low science accessibility. 

6.2.1. Challenges with assessing vulnerability  
Vulnerability assessments can be challenging for several reasons. Firstly, data inputs are often combinations 
of quantitative and qualitative data, with the resultant model often described as semi-quantitative (Soto et 
al. 2018). For example, inputs such as wind and wave exposure may have magnitude and frequency data 
generated from climatic models. While other inputs, such as fisherman’s perception of risk, are equally 
important but are subjective and qualitative. This means that a vulnerability assessment must stitch together 
different types of information and translate these into a single understandable value. 

Another challenge is differences in data availability or scale. For example, high resolution storm surge 
models, capable of projecting flooding risk under different emissions scenarios, may be available for some 
coastal communities but not others. In this case, investigators cannot simply exclude storm surge risk, so 
instead they must pursue a more qualitative approach such as relying on expert opinion. This raises a third 
challenge; the difficulty of comparing vulnerability across communities that have been assessed using 
different data and vulnerability methods. Nevertheless, such comparisons are still necessary for guiding 
decision making on a large scale.  

6.3. Recommendations for future vulnerability assessment studies 
Bukvic et al. (2020) reviewed 65 international studies which mapped the vulnerability of communities to 
coastal hazards. They found that many studies were limited in their inclusion of social considerations and 
provided little discussion of their relevance to policy. Consequently, they made six recommendations that 
would improve future vulnerability assessment studies:  

1. Customize the approach to match the context. There is no single right way of assessing 
vulnerability. The methods will depend on the aim of the project, and the types of data available.  

2. Determine an appropriate scale and select appropriate datasets. Vulnerability can be assessed 
at the scale of towns, counties, municipalities, provinces, states, and even countries.  

3. Apply the assessment holistically. There are many socio-economic, geographical, and ecological 
factors that determine vulnerability.  

4. Pre-define information needs for policymaking. This is critical as the key rationale of most 
assessment studies is to improve-decision making.  
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5. Inclusion of participatory input, where appropriate. Input from experts and stakeholders can 
provide important information not captured by traditional empirical data.  

6. Quantify uncertainty and validation. Many data and model outputs carry a level of uncertainty 
which, if possible, should be conveyed in the final vulnerability index.   

Following these recommendations, we propose to develop a climate change vulnerability index for seafood 
industry-dependent communities in Nova Scotia (see Section 7). This would help determine which coastal 
communities and seafood sectors are most at risk to climate change, which could prove invaluable in 
guiding climate change adaptation efforts. 

6.4. Examples of vulnerability assessments in Nova Scotia 
Previously cited vulnerability examples are from the international literature. There have also been several 
vulnerability assessments in Nova Scotia, however, very few have examined all three components: exposure, 
sensitivity, and adaptive capacity.  

Environment Canada (now Environment Canada and Climate Change) conducted a province-wide 
vulnerability assessment in 2005 which included a review of coastal hazards such as sea-level rise, flooding, 
coastal erosion and potential damage to properties and infrastructure (Environment Canada 2005). From 
this, a series of climate change adaptation options were then recommended to various sectors. Later, in 
2011, Nova Scotia mandated municipal climate change adaptation planning (see Section 5.2.1). As all 
municipalities in Nova Scotia have coastal communities, various aspects of coastal vulnerability were 
incidentally included to support these climate change adaptation plans.  

Several vulnerability studies in Nova Scotia have focused on exposure. Halifax Regional Municipality, 
implemented a public vulnerability mapping exercise that primarily focused on flood risk (Sustainable 
Environment Management Office 2011). Mapping of flood risk has also has been conducted for Annapolis 
Royal (Webster 2010) and the LaHave river estuary in Bridgewater (Webster et al. 2014). A recently 
developed interactive web-based visualization tool can be used to display flood exposure maps for 
Shelburne, Lockeport, and Barrington (Minano et al. 2018). While a full vulnerability assessment on Little 
Anse, Isle Madame, in Cape Breton, investigated breakwater effectiveness under projected storm scenarios 
(Mostofi Camare and Lane 2015). Finally, Chang et al. (2018) compared the vulnerability of Yarmouth, 
Lunenburg, and Halifax by developing a ‘Hazard Vulnerability Similarity Index’.  

There are only a few studies that have explicitly explored vulnerability linkages between fishery resources 
and fishing infrastructure in Nova Scotia. Greenan et al. (2018) assessed coastal vulnerability of four small 
craft harbours (SCHs) in Nova Scotia and 13 others in Atlantic Canada. Indices (scored from 1 – 5) were 
created for infrastructure, exposure, and socioeconomics, which were combined to create a Coastal 
Infrastructure Vulnerability Index (CIVI). The four harbours assessed in Nova Scotia (Pinkneys point, Aulds 
cove, Meteghan and Centreville) had some of the highest CIVI scores, suggesting harbours were relatively 
more vulnerable to climate change. Greenan et al. (2019b) also examined climate change vulnerability of 
lobster fishing communities by combining the CIVI measure with an offshore Lobster Vulnerability Index 
(LVI). The LVI was a function of exposure (i.e. gain or loss of optimal temperatures) and stock status (e.g. 
suitable habitat, abundance food availability). LFAs 35 and 36 were ranked as the most vulnerable with 33, 
34 and 38 identified as moderately vulnerable (see Figure 4 for a map of LFAs in Nova Scotia).  
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7. Proposal to assess climate change vulnerability of seafood industry-
dependent communities in Nova Scotia 

The information presented in this report supports the need to develop a vulnerability index for Nova Scotian 
seafood industry-dependent communities to guide adaptation planning. This should follow the 
recommended practices outlined in Section 6.3 to develop all three vulnerability components:  

1) Exposure index 
To measure the degree of risk to coastal communities and their resources, we propose to: 

 Review the potential for damage to wharves, processing plants, and other coastal infrastructure. 

 Evaluate potential impacts to fisheries and aquaculture from environmental stressors including 
ocean warming, acidification, reduced oxygen, and interactive effects.  

 To link projections with IPCC emissions scenarios (see Section 1.1.1). 

2) Sensitivity index 
To measure degree of ocean resource dependency, and how these will be affected by climate change (i.e. 
the exposure component), we propose:  

 A community level socio-economic assessment of the: 

o Degree of seafood industry dependency (e.g. percentage income from seafood industries);  

o Diversity of seafood resources being utilized; and the 

o Scale of economic inputs such as fisheries landing and aquaculture production. 

 Review the current status of seafood industries and make projections under emission scenarios.  

3) Adaptive capacity index 
To measure the potential for the fishing and aquaculture industry to adapt to potential changes and take 
advantage of new opportunities, we propose to: 

 Review fisheries management under climate change. 

 Quantify community perception of risk, motivation to adapt, and financial flexibility. 

 Investigate developing technologies to sustain or augment aquaculture under climate change. 

 Identify and evaluate applicable climate change initiatives, funding opportunities, and governance 
that can support climate change adaptation.  

7.1. Proposed deliverables 
Project deliverables will include a final report on the vulnerability of seafood industry-dependent 
communities in Nova Scotia to climate change under a range of emission scenarios and time frames. This 
report would comprise: 
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 A vulnerability map of Nova Scotian coastal communities, including sub-maps for each of the 
vulnerability components.  

 Detailed community level descriptions of exposure, sensitivity, and adaptation capacity.  

 An inventory of community and regional level data gaps needed to define vulnerability and / or 
support the planning of adaptation measures.  

 Adaptation recommendations for fisheries and aquaculture sectors in Nova Scotia.  

7.2. Project scope and scale 
Project scope will be a function of resource ability, time allotment, data availability, model development and 
other factors:  

 A smaller project could assess the vulnerability of a handful of representative communities in each 
region by compiling existing data (physical, ecological, and socio-economic). Fisheries projections 
are more regional and may have applicability across multiple communities.  

 A larger project could assess the vulnerability of almost all seafood industry-dependent 
communities in Nova Scotia and collect new data, and make new projections, where needed.  

7.3. Project approach 
Based on the literature examined in this report, we propose the following approaches:  

 Develop specific methodologies for indices as a function of data availability, quality, scale, and 
format. 

 Appropriate data and projection resolution requirements (spatial and temporal) will be identified 
for measures within each support index. 

 A rating and ranking exercise will also be developed for measures within each index. 

 Existing data and projections will be used where data is available, and key gaps will be identified. 
New data will be collected as resources allow. 

 Data uncertainty will be estimated at the scales applied. 

 Quantitative data will take priority over qualitative data, where available. 

 A large portion of project information that will need to be acquired through surveys, interviews and 
engagement with community and experts so participatory input is crucial. 

 Policy developers and decision makers should be included the process at the project onset. 

 Given overlapping interests and mandates, key collaborations will be necessary to ensure project 
effectiveness: 

o Provincial departments with overlapping responsibility and mandates, such as Nova Scotia 
Department of Fisheries and Aquaculture, Nova Scotia Environment, Nova Scotia 
Department of Municipal affairs, and housing. 
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o Federal Departments such as DFO and Environment and Climate Change Canada. 

o Municipal organizations such as the Federation of Canadian Municipalities and the Nova 
Scotia Federation of Municipalities 

o Environmental organisations, where applicable. 

o Fisheries and aquaculture industry associations. 

8. Summary 
Climate change is increasing ocean temperatures, sea levels, coastal erosion rates, ocean acidification and 
flooding risk. These changes have the potential to impact a variety of fishery and aquaculture resources in 
Nova Scotia. As many fishery resources are projected to undergo shifts in distribution, abundance, and 
timing of key life stages, fishing communities will require a greater degree of flexibility than possible under 
current fisheries management practices. There is also potential that warming temperatures, increased risk 
of disease, and harmful algal blooms may impact the aquaculture industry. Planning adaptation measures 
in advance will likely be more effective than trying to reactively respond to climate change impacts after 
they have occurred. Vulnerability assessments are a key step for the advanced planning of adaptation 
measures as they can allow decision makers to prioritize adaptation efforts to sectors and communities 
most at risk to climate change. This report proposes the development of a climate change vulnerability 
index for seafood industry-dependent communities in Nova Scotia. This would help determine which 
coastal communities and seafood sectors are the most at risk to climate change, which could prove 
invaluable in guiding climate change adaptation efforts. 

Acknowledgements  
Many people assisted in this report. For this, we would like to thank Adam Cook, Adam Mugridge, Amber 
Creamer, Andrea Bucholz, Anthony Snyder, Ashley Sprague, Bay Berry, Bill Whitman, Blair Greenan, Chris 
Jones, Danika Van Proosdij, Daniel Mombourquette, David Brickman, Diane Lavoie, Delphine Morin, Kris 
Vascotto, Meredith Burke, Gavin Manson, Jen Graham, John Somers, Jules LeBlanc, Karen Hunter, Kathleen 
Reardon, Kathy Mills, Kevin Sorochan, Kristian Curran, Krysten Rutherford, Leah Lewis-McCrea, Laura 
Steeves, Leo Muise, Michelle Greenlaw, Melanie Barrett, Nancy Shackell, Nicole Torrie, the Marine Division 
within NSDFA, Ramon Filgueira, Ricardo Arruda, Robert Stephenson, Rod Beresford, Ryan Stanley, Satya 
Ramen, Shawn MacDonald.  

References 
AAC. (2012). Revitalizing the Bras d’Or Lakes for oyster development. Aquaculture Association of Canada 
(AAC) Workshop Proceedings 2012. Special Publication 18. Membertou, Nova Scotia, Canada. 
http://aquacultureassociation.ca/wp-content/uploads/bsk-pdf-manager/2017/01/Revitalizing-the-Bras-



Climate Change Vulnerability | 49 
 

dOr-Lakes-for-Oyster-Development-Aquaculture-Association-of-Nova-Scotia-Workshop-Proceedings-
2012.pdf 

Adger, W. N. (2006). Vulnerability. Global Environmental Change 16: 268-281. 

Allyn, A. J., M. A. Alexander, B. S. Franklin, F. Massiot-Granier, A. J. Pershing, J. D. Scott, and K. E. Mills. (2020). 
Comparing and synthesizing quantitative distribution models and qualitative vulnerability assessments to 
project marine species distributions under climate change. Plos One 15: e0231595. 

Andersen, S., E. S. Grefsrud, and T. Harboe. (2013). Effect of increased pCO2 level on early shell development 
in great scallop (Pecten maximus Lamarck) larvae. Biogeosciences 10: 6161-6184. 

Annis, E. R., C. J. Wilson, R. Russell, and P. O. Yund. (2013). Evidence for thermally mediated settlement in 
lobster larvae (Homarus americanus). Canadian Journal of Fisheries and Aquatic Sciences 70: 1641-1649. 

ASMFC. (2015). American lobster stock assessment report for peer review. Atlantic States Marine Fisheries 
Commission (ASMFC), Arlington, Virginia, USA. 
https://www.asmfc.org/uploads/file//55d61d73AmLobsterStockAssmt_PeerReviewReport_Aug2015_red2.p
df 

ASMFC. (2020). Northern shrimp. Atlantic States Marine Fisheries Commission (ASMFC), USA. 
http://www.asmfc.org/species/northern-shrimp 

Atkinson, D. E., D. L. Forbes, and T. S. James. (2016). Dynamic coasts in a changing climate. Pages 27-69 in 
(Eds) D. S. Lemmen, F. J. Warren, T. S. James, and C. S. L. Mercer Clarke. Canada's Marine Coasts in a Changing 
Climate. Government of Canada. 

Avelino, J. E., R. Crichton, V. P. Valenzuela, M. Odara, M. A. Padilla, K. Nguyen, H. Anh, P. Van, H. Bao, N. 
Thao, M. Linh, H. Pham, M. Onuki, and M. Esteban. (2018). Survey tool for rapid assessment of socio-
economic vulnerability of fishing communities in Vietnam to climate change. Geosciences 8: 452. 

Bank of Canada. (2020). Inflation calculator. Bank of Canada, Ottawa, Ontario. 
https://www.bankofcanada.ca/rates/related/inflation-calculator 

Barnett, A. J., R. A. Messenger, and M. G. Wiber. (2017). Enacting and contesting neoliberalism in fisheries: 
The tragedy of commodifying lobster access rights in Southwest Nova Scotia. Marine Policy 80: 60-68. 

Bates, S. S., D. G. Beach, L. A. Comeau, N. Haigh, N. I. Lewis, A. Locke, J. L. Martin, P. McCarron, C. H. McKenzie, 
C. Michel, C. O. Miles, M. Poulin, M. A. Quilliam, W. A. Rourke, M. G. Scarratt, M. Starr, and T. Wells. (2020). 
Marine harmful algal blooms and phycotoxins of concern to Canada. Canadian Technical Report of Fisheries 
and Aquatic Sciences 3384. Fisheries and Oceans Canada (DFO), Gulf Fisheries Centre, Mocton, New 
Brunswick. https://waves-vagues.dfo-mpo.gc.ca/Library/4088319x.pdf 

Beardall, J., S. Beer, and J. A. Raven. (1998). Biodiversity of marine plants in an era of climate change: some 
predictions based on physiological performance. Botanica Marina 41: 113. 

Beck, S., and M. Mahony. (2018). The IPCC and the new map of science and politics. WIREs Climate Change 
9: e547. 



Climate Change Vulnerability | 50 
 

Beddington, J. R., G. P. Kirkwood, M. R.A, and B. Worm. (2005). Extinction, survival or recovery of large 
predatory fishes. Philosophical Transactions of the Royal Society B: Biological Sciences 360: 13-20. 

Berge, J. A., B. Bjerkeng, O. Pettersen, M. T. Schaanning, and S. Øxnevad. (2006). Effects of increased sea 
water concentrations of CO2 on growth of the bivalve Mytilus edulis L. Chemosphere 62: 681-687. 

Bernier, R. Y., R. E. Jamieson, and A. M. Moore. (2018). Occurrence of novel species in Scotian Shelf trawl 
surveys. State of the Atlantic Ocean Synthesis Report. Fisheries and Oceans Canada (DFO), Ottawa, Canda. 
https://waves-vagues.dfo-mpo.gc.ca/Library/40781987.pdf 

Bernier, R. Y., R. E. Jamieson, and A. M. Moore. (2019). 2018. State of the Atlantic Ocean synthesis report. 
Canadian technincal report of fisheries and aquatic sciences 3167. Fisheries and Oceans Canada (DFO), 
Ottawa, Canda. https://waves-vagues.dfo-mpo.gc.ca/Library/40781987.pdf 

Billé, R., R. Kelly, A. Biastoch, E. Harrould-Kolieb, D. Herr, F. Joos, K. Kroeker, D. Laffoley, A. Oschlies, and J.-
P. Gattuso. (2013). Taking action against ocean acidification: a review of management and policy options. 
Environmental Management 52: 761-779. 

Bourque, L., T. Wimmer, S. Lair, M. Jones, and P.-Y. Daoust. (2020). Incident report: North Atlantic Right 
whale mortality event in eastern Canada, 2019. Collaborative Report Produced by: Canadian Wildlife Health 
Cooperative and Marine Animal Response Society. 
https://drive.google.com/file/d/1kuig3Nca7TfdJdJiK4MMEilMIxu9JTTi/view 

Boxaspen, K. (2006). A review of the biology and genetics of sea lice. ICES Journal of Marine Science 63: 
1304-1316. 

Boyce, D., K. Frank, and B. Petrie. (2019). Multivariate determination of Atlantic herring population health in 
a large marine ecosystem. ICES Journal of Marine Science 76: 1-11. 

Boyce, D. G. (2021). Incorporating climate change into fisheries management in Atlantic Canada and the 
Eastern Arctic. Oceans North. Halifax, Nova Scotia. https://oceansnorth.org/wp-
content/uploads/2021/05/Incorporating-climate-change-into-fisheries-management-in-Atlantic-Canada-
and-the-Eastern-Arctic.pdf 

Brennan, C. E., H. Blanchard, and K. Fennel. (2016). Putting temperature and oxygen thresholds of marine 
animals in context of environmental change: a regional perspective for the Scotian Shelf and Gulf of St. 
Lawrence. Plos One 11: e0167411. 

Brickman, D., Z. Wang, and B. DeTracey. (2016). High resolution future climate ocean model simulations for 
the Northwest Atlantic Shelf region. Canadian Technical Report of Hydrography and Ocean Sciences 315. 
Fisheries and Oceans canada (DFO), Bedford Institute of Oceanography, Dartmouth, Nova Scotia. 
https://waves-vagues.dfo-mpo.gc.ca/Library/365880.pdf 

Bromirski, P. D., and D. R. Cayan. (2015). Wave power variability and trends across the North Atlantic 
influenced by decadal climate patterns. Journal of Geophysical Research: Oceans 120: 3419-3443. 

Brosset, P., H. Bourdages, M. Blais, M. Scarratt, and S. Plourde. (2019). Local environment affecting northern 
shrimp recruitment: a comparative study of Gulf of St. Lawrence stocks. ICES Journal of Marine Science 76: 
974-986. 



Climate Change Vulnerability | 51 
 

Bukvic, A., G. Rohat, A. Apotsos, and A. de Sherbinin. (2020). A systematic review of coastal vulnerability 
mapping. Sustainability 12. 

Bundale, B. (2019). Death of 2.6 million salmon in Newfoundland reignites debate over fish farming. The 
Guardian. London, England. https://www.theguardian.pe.ca/business/local-business/death-of-26-million-
salmon-in-newfoundland-reignites-debate-over-fish-farming-376777/ 

Burge, C. A., C. Mark Eakin, C. S. Friedman, B. Froelich, P. K. Hershberger, E. E. Hofmann, L. E. Petes, K. C. 
Prager, E. Weil, B. L. Willis, S. E. Ford, and C. D. Harvell. (2014). Climate change influences on marine infectious 
diseases: implications for management and society. Annual Review of Marine Science 6: 249-277. 

Burmeister, A., and B. Sainte-Marie. (2010). Pattern and causes of a temperature-dependent gradient of size 
at terminal moult in snow crab (Chionoecetes opilio) along West Greenland. Polar Biology 33: 775-788. 

Burt, K., D. Hamoutene, G. Mabrouk, C. Lang, T. Puestow, D. Drover, R. Losier, and F. Page. (2012). 
Environmental conditions and occurrence of hypoxia within production cages of Atlantic salmon on the 
south coast of Newfoundland. Aquaculture Research 43: 607-629. 

Canadian Institute for Climate Choices. (2020). Clean growth in Nova Scotia. Canadian Institute for Climate 
Choices, Canada. https://climatechoices.ca/publications/clean-growth-in-nova-scotia/ 

Carloni, J. T., R. Wahle, P. Geoghegan, and E. Bjorkstedt. (2018). Bridging the spawner-recruit disconnect: 
trends in American lobster recruitment linked to the pelagic food web. Bulletin of Marine Science 94: 719-
735. 

Casas-Prat, M., X. L. Wang, and N. Swart. (2018). CMIP5-based global wave climate projections including the 
entire Arctic Ocean. Ocean Modelling 123: 66-85. 

Castro, K. M., J. S. Cobb, M. Gomez-Chiarri, and M. Tlusty. (2012). Epizootic shell disease in American lobsters 
Homarus americanus in southern New England: past, present and future. Diseases of Aquatic Organisms 
100: 149-158. 

CBC. (2015). Nova Scotia aquaculture fish killed by superchilled water. Canadian Broadcasting Corporation 
(CBC). https://www.cbc.ca/news/canada/nova-scotia/nova-scotia-aquaculture-fish-killed-by-superchilled-
water-1.2980172 

CBC. (2019). Warm water, not sea lice, caused massive salmon die-off, says chief vet. Canadian Broadcasting 
Corporation (CBC). https://www.cbc.ca/news/canada/newfoundland-labrador/warm-water-salmon-die-off-
1.5302950 

CBC News. (2011). Canada pulls out of Kyoto Protocol. Canada Broadcasting Company (CBC), Toronto, 
Ontario, Canada. https://www.cbc.ca/news/politics/canada-pulls-out-of-kyoto-protocol-1.999072 

CFIA, C. F. I. A. (2019). Canadian Shellfish Sanitation Program (CSSP). Government of Canada. 
https://inspection.gc.ca/preventive-controls/fish/cssp/eng/1563470078092/1563470123546 

Chabot, D., S. Guénette, and C. Stortini. (2013). A review of the physiological susceptibility of commercial 
species of fish and crustaceans of the northwest Atlantic to changes in water temperature, dissolved oxygen, 
pH and salinity. Pages 83-167 in (Eds) N. L. Shackell, B. Greenan, P. Pepin, D. Chabot, and A. Warburton. 



Climate Change Vulnerability | 52 
 

Climate change impacts, vulnerabilities and opportunities analysis of the marine Atlantic Basin. Vol. 3012 of 
Canadian Manuscript Reports of Fisheries and Aquatic Sciences. Fisheries and Oceans Canada (DFO), Ocean 
and Ecosystem Sciences Division, Bedford Institute of Oceanography, Nova Scotia. 

Chang, S. E., J. Z. K. Yip, T. Conger, G. Oulahen, and M. Marteleira. (2018). Community vulnerability to coastal 
hazards: Developing a typology for disaster risk reduction. Applied Geography 91: 81-88. 

Cheung, W. W. L., V. W. Y. Lam, J. L. Sarmiento, K. Kearney, R. Watson, and D. Pauly. (2009). Projecting global 
marine biodiversity impacts under climate change scenarios. Fish and Fisheries 10: 235-251. 

Cheung, W. W. L., V. W. Y. Lam, J. L. Sarmiento, K. Kearney, R. E. G. Watson, D. Zeller, and D. Pauly. (2010). 
Large-scale redistribution of maximum fisheries catch potential in the global ocean under climate change. 
Global Change Biology 16: 24-35. 

Choi, J. S., B. M. Zisserson, and B. J. Cameron. (2013). Assessment of Scotian Shelf snow crab in 2012. 
Canadian Science Advisory Secretariat (CSAS), Research Document 2013/072. Fisheries and Oceans Canada 
(DFO), Population Ecology Division, Bedford Institute of Oceanography, Nova Scotia https://waves-
vagues.dfo-mpo.gc.ca/Library/360644.pdf 

Church, J. A., J. R. Hunter, K. L. McInnes, and N. J. White. (2006). Sea-level rise around the Australian coastline 
and the changing frequency of extreme sea-level events. Australian Meteorological Magazine 55: 253-260. 

Chust, G., C. Castellani, P. Licandro, L. Ibaibarriaga, Y. Sagarminaga, and X. Irigoien. (2013). Are Calanus spp. 
shifting poleward in the North Atlantic? A habitat modelling approach. ICES Journal of Marine Science 71: 
241-253. 

Claret, M., E. D. Galbraith, J. B. Palter, D. Bianchi, K. Fennel, D. Gilbert, and J. P. Dunne. (2018). Rapid coastal 
deoxygenation due to ocean circulation shift in the northwest Atlantic. Nature Climate Change 8: 868-872. 

Clarke, C. S. L., P. Maunel, and F. J. Warren. (2016). The coastal challenge. Pages 69 - 69 in (Eds) D. S. Lemmen, 
F. J. Warren, T. S. James, and C. S. L. Mercer Clarke. Canada's marine coasts in a changing climate. Natural 
Resources Canada (NrCan), Ottawa, Ontario. 

Climate Change Nova Scotia. (2019). Climate change progress report october 2019. Climate Change Nova 
Scotia, Nova Scotia, Canada. https://climatechange.novascotia.ca/sites/default/files/Climate-Change-
Progress-Report-October-2019.pdf 

Climate Change Nova Scotia. (2020). Nova Scotia’s cap-and-trade program. Climate Change Nova Scotia, 
Nova Scotia, Canada. https://climatechange.novascotia.ca/nova-scotias-cap-trade-program 

Cohen, S., E. Bush, X. Zhang, N. Gillett, B. Bonsal, C. Derksen, G. Flato, B. Greenan, and E. Watson. (2019). 
Synthesis of findings for Canada’s regions. Pages 424-443 in (Eds) E. Bush and D. S. Lemmen. Canada’s 
Changing Climate Report. Government of Canada, Ottawa, Ontario. 

Colburn, L. L., M. Jepson, C. Weng, T. Seara, J. Weiss, and J. A. Hare. (2016). Indicators of climate change and 
social vulnerability in fishing dependent communities along the Eastern and Gulf Coasts of the United 
States. Marine Policy 74: 323-333. 

Collette, B. B. (2017). Bluefin tuna science remains vague. Science 358: 879. 



Climate Change Vulnerability | 53 
 

Cooley, S. R., J. E. Rheuban, D. R. Hart, V. Luu, D. M. Glover, J. A. Hare, and S. C. Doney. (2015). An integrated 
assessment model for helping the United States sea scallop (Placopecten magellanicus) fishery plan ahead 
for ocean acidification and warming. Plos One 10: e0124145. 

COSEWIC. (2010). Assessment and status report on the deepwater redfish / Acadian redfish complex 
Sebastes mentella and Sebastes fasciatus in Canada. Committee on the Status of Endangered Wildlife in 
Canada (COSEWIC), Ottawa, Ontario. 
http://www.sararegistry.gc.ca/virtual_sara/files/cosewic/sr_Deepwater%20and%20Acadian%20Redfish_081
0_e.pdf 

Crossin, G., S. Al-Ayoub, S. Jury, and W. Howell. (1998). Behavioral thermoregulation in the American lobster 
Homarus americanus. J Exp Biol 201: 365-374. 

CRRF. (2015). State of rural Canada 2015. Canadian Rural Revitalization Foundation (CRRF). 
http://sorc.crrf.ca/wp-content/uploads/2015/09/SORC2015.pdf 

CTV. (2015). Super-chilled ocean water suspected in salmon deaths at Nova Scotia fish farms. CTV Television 
Network. https://atlantic.ctvnews.ca/super-chilled-ocean-water-suspected-in-salmon-deaths-at-nova-
scotia-fish-farms-1.2262702 

Curry, B., and S. McCarthy. (2011). Canada formally abandons Kyoto Protocol on climate change. The Globe 
and Mail, Toronto, Ontario, Canada. https://www.theglobeandmail.com/news/politics/canada-formally-
abandons-kyoto-protocol-on-climate-
change/article4180809/?ranMID=46474&ranEAID=je6NUbpObpQ&ranSiteID=je6NUbpObpQ-
qAPzuTqu_R_Z8_dWlyiniA 

Cyr, F., P. S. L. Galbraith, C, and D. Hebert. (2020). Environmental and physical oceanographic conditions on 
the Eastern Canadian shelves (NAFO Sub-areas 2, 3 and 4) during 2019. Northwest Atlantic Fisheries 
Organization (NAFO), Scientific Council Report Doc. 20/020REV, Serial No. N7066.  

Damsgaard, C., L. T. H. Gam, D. D. Tuong, P. V. Thinh, D. T. Huong Thanh, T. Wang, and M. Bayley. (2015). 
High capacity for extracellular acid–base regulation in the air-breathing fish Pangasianodon 
hypophthalmus. The Journal of Experimental Biology 218: 1290. 

Davidson-Arnott, R., and J. Ollerhead. (2011). Coastal erosion and climate change. Atlantic Climate 
Adaptation Solutions Association (ACASA). Report prepared by Prince Edward Island Department of 
Environment, Charlottetown, Canada. https://atlanticadaptation.ca/en/islandora/object/acasa%253A308 

Davies, K. T. A., and S. W. Brillant. (2019). Mass human-caused mortality spurs federal action to protect 
endangered North Atlantic right whales in Canada. Marine Policy 104: 157-162. 

Davies, K. T. A., M. W. Brown, P. K. Hamilton, A. R. Knowlton, C. T. Taggart, and A. S. M. Vanderlaan. (2019). 
Variation in North Atlantic right whale Eubalaena glacialis occurrence in the Bay of Fundy, Canada, over 
three decades. Endangered Species Research 39: 159-171. 

Davis, G. E., M. F. Baumgartner, J. M. Bonnell, J. Bell, C. Berchok, J. Bort Thornton, S. Brault, G. Buchanan, R. 
A. Charif, D. Cholewiak, C. W. Clark, P. Corkeron, J. Delarue, K. Dudzinski, L. Hatch, J. Hildebrand, L. Hodge, 
H. Klinck, S. Kraus, B. Martin, D. K. Mellinger, H. Moors-Murphy, S. Nieukirk, D. P. Nowacek, S. Parks, A. J. 



Climate Change Vulnerability | 54 
 

, A. Warde, 
and S. M. Van Parijs. (2017). Long-term passive acoustic recordings track the changing distribution of North 
Atlantic right whales (Eubalaena glacialis) from 2004 to 2014. Scientific Reports 7: 13460. 

Davis, G. E., M. F. Baumgartner, P. J. Corkeron, J. Bell, C. Berchok, J. M. Bonnell, J. Bort Thornton, S. Brault, G. 
A. Buchanan, D. M. Cholewiak, C. W. Clark, J. Delarue, L. T. Hatch, H. Klinck, S. D. Kraus, B. Martin, D. K. 
Mellinger, H. Moors-Murphy, S. Nieukirk, D. P. Nowacek, S. E. Parks, D. Parry, N. Pegg, A. J. Read, A. N. Rice, 
D. Risch, A. Scott, M. S. Soldevilla, K. M. Stafford, J. E. Stanistreet, E. Summers, S. Todd, and S. M. Van Parijs. 
(2020). Exploring movement patterns and changing distributions of baleen whales in the western North 
Atlantic using a decade of passive acoustic data. Global Change Biology 26: 4812-4840. 

Department of Fisheries and Oceans. (2020). Shellfish harvesting openings and closures. Fisheries and 
Oceans Canada (DFO). https://www.dfo-mpo.gc.ca/shellfish-mollusques/closures-fermetures-eng.htm 

Derksen, C., D. Burgess, C. Duguay, S. Howell, L. Mudryk, S. Smith, C. Thackeray, and M. Kirchmeier-Young. 
(2019). Changes in snow, ice, and permafrost across Canada. Pages 194-260 in (Eds) E. Bush and D. S. 
Lemmen. Canada’s Changing Climate Report. Government of Canada, Ottawa, Ontario. 

Dionne, B., B. Sainte-Marie, E. Bourget, and D. Gilbert. (2003). Distribution and habitat selection of early 
benthic stages of snow crab Chionoecetes opilio. Marine Ecology Progress Series 259: 117-128. 

Doney, S. C., V. J. Fabry, R. A. Feely, and J. A. Kleypas. (2009). Ocean acidification: The other CO2 problem. 
Annual Review of Marine Science 1: 169-192. 

Duchene, L. (2017). Warming oceans prompt adaptation efforts for aquaculture. Global Aquaculture 
Alliance, New Hampshire, USA. https://www.aquaculturealliance.org/advocate/warming-oceans-defense-
effort-adaptation-aquaculture/ 

Duplisea, D. E., M.-J. Roux, and J. Rice. (2020). Resource management under climate change: a risk-based 
strategy to develop climate-informed science advice. Canadian Science Advisory Secretariat Science 
Advisory Report 2019/044. Fisheries and Oceans Canada (DFO), National Capital Region, Canada. 
https://waves-vagues.dfo-mpo.gc.ca/Library/40874126.pdf 

Dupont-Prinet, A., M. Pillet, D. Chabot, T. Hansen, R. Tremblay, and C. Audet. (2013). Northern shrimp 
(Pandalus borealis) oxygen consumption and metabolic enzyme activities are severely constrained by 
hypoxia in the Estuary and Gulf of St. Lawrence. Journal of Experimental Marine Biology and Ecology 448: 
298-307. 

Ecology Action Centre. (2014). Reeling in revenue. Ecology Action Centre, Halifax, Nova Scotia. 
https://ecologyaction.ca/issue-area/reeling-revenue 

Effiency Nova Scotia. (2020). Abous Us. Effiency Nova Scotia, Nova Scotia, Canada. 
https://www.efficiencyns.ca/about-us/ 

Ekstrom, J. A., L. Suatoni, S. R. Cooley, L. H. Pendleton, G. G. Waldbusser, J. E. Cinner, J. Ritter, C. Langdon, R. 
van Hooidonk, D. Gledhill, K. Wellman, M. W. Beck, L. M. Brander, D. Rittschof, C. Doherty, P. E. T. Edwards, 
and R. Portela. (2015). Vulnerability and adaptation of US shellfisheries to ocean acidification. Nature Climate 
Change 5: 207. 



Climate Change Vulnerability | 55 
 

Elliott, J. M., and J. A. Elliott. (2010). Temperature requirements of Atlantic salmon Salmo salar ,brown trout 
Salmo trutta and Arctic charr Salvelinus alpinus: predicting the effects of climate change. Journal of Fish 
Biology 77: 1793-1817. 

Environment Canada. (2005). Adapting to a changing climate in Nova Scotia: Vulnerability assessment and 
adaption options. Environment Canada. 
https://climatechange.novascotia.ca/sites/default/files/uploads/Adapting_to_a_Changing_Climate_in_NS.p
df 

Environment Canada. (2014). Canada’s emissions trends. Environment Canada, Ottawa, Ontario, Canada. 
http://publications.gc.ca/collections/collection_2014/ec/En81-18-2014-eng.pdf 

Erauskin-Extramiana, M., H. Arrizabalaga, A. Cabré, R. Coelho, D. Rosa, L. Ibaibarriaga, and G. Chust. (2020). 
Are shifts in species distribution triggered by climate change? A swordfish case study. Deep Sea Research 
Part II: Topical Studies in Oceanography 175: 104666. 

Fairclough, I. (2019). Province, Ottawa spending $114m to reinforce Bay of Fundy dikes against rising seas. 
The Chronicle Herald, Halifax, Nova Scotia, Canada. 
https://www.thechronicleherald.ca/news/local/province-ottawa-spending-114m-to-reinforce-bay-of-
fundy-dykes-against-rising-seas-302999/ 

Federation of Canadian Municipalities. (2020a). Green municipal fund. Federation of Canadian Municipalities 
(FCM), Ottawa, Ontario, Canada. https://fcm.ca/en/programs/green-municipal-fund 

Federation of Canadian Municipalities. (2020b). Municipal asset management program. Federation of 
Canadian Municipalities (FCM), Ottawa, Ontario, Canada. https://fcm.ca/en/programs/municipal-asset-
management-program 

Federation of Canadian Municipalities. (2020c). Municipalities for climate innovation program. Federation 
of Canadian Municipalities (FCM), Ottawa, Ontario, Canada. https://fcm.ca/en/programs/municipalities-
climate-innovation-program 

Feindel, N., L. Cooper, E. Trippel, and T. Blair. (2013). Climate change and marine aquaculture in Atlantic 
Canada and  Quebec. Pages 195-255 in (Eds) N. L. Shackell, B. Greenan, P. Pepin, D. Chabot, and A. 
Warburton. Climate change impacts, vulnerabilities and opportunities analysis of the marine Atlantic Basin. 
Vol. 3012 of Canadian Manuscript Reports of Fisheries and Aquatic Sciences. Fisheries and Oceans Canada 
(DFO), Ocean and Ecosystem Sciences Division, Bedford Institute of Oceanography, Nova Scotia. 

Filgueira, R., T. Guyondet, L. A. Comeau, and R. Tremblay. (2016). Bivalve aquaculture-environment 
interactions in the context of climate change. Global Change Biology 22: 3901-3913. 

Fisher, G. (2011). Municipal climate change action plan guidebook. Canada-Nova Scotia Infrastructure 
Secretariat, Service Nova Scotia and Municipal relations. Halifax, Nova Scotia, Canada.  

Fisheries and Oceans Canada. (2008). New emerging fisheries policy. Fisheries and Oceans Canada (DFO), 
Ottawa, Ontario. https://www.dfo-mpo.gc.ca/reports-rapports/regs/efp-pnp-eng.htm 



Climate Change Vulnerability | 56 
 

Fisheries and Oceans Canada. (2009a). A fishery decision-making framework incorporating the 
precautionary approach. Fisheries and Oceans Canada (DFO), Ottawa, Ontario, Canada. https://www.dfo-
mpo.gc.ca/reports-rapports/regs/sff-cpd/precaution-back-fiche-eng.htm 

Fisheries and Oceans Canada. (2009b). Principles of ecosystem-based fisheries management. 
https://www.dfo-mpo.gc.ca/reports-rapports/regs/sff-cpd/ecosys-back-fiche-eng.htm 

Fisheries and Oceans Canada. (2009c). Sustainable Fisheries Framework. Fisheries and Oceans Canada (DFO), 
Ottawa, Ontario, Canada. https://www.dfo-mpo.gc.ca/reports-rapports/regs/sff-cpd/overview-cadre-
eng.htm 

Fisheries and Oceans Canada. (2015). Emerging and other targeted, secondary stocks in Maritimes Region: 
Guidelines for the provision of science advice for fisheries management. Draft of January 2015. Fisheries 
and Oceans Canada (DFO), Resource Management Division and Population Ecology Division, Maritimes 
Region.  

Fisheries and Oceans Canada. (2017). Stock status update of 4VWX herring. Canadian Science Advisory 
Secretariat (CSAS) Science Response 2017/037. Fisheries and Oceans Canada (DFO), Ecosystems and Oceans 
Science, Maritimes Region. https://waves-vagues.dfo-mpo.gc.ca/Library/40626337.pdf 

Fisheries and Oceans Canada. (2018a). Assessment of redfish stocks (Sebastes mentella and S. fasciatus) in 
units 1 and 2 in 2017. Canadian Science Advisory Secretariat (CSAS) Science Advisory Report 2018/032. 
Fisheries and Oceans Canada (DFO), Quebec and Newfoundland and Labrador Regions. https://waves-
vagues.dfo-mpo.gc.ca/Library/40713684.pdf 

Fisheries and Oceans Canada. (2018b). Bluefin tuna. Fisheries and Oceans Canada (DFO), Ottawa, Ontario. 
https://www.dfo-mpo.gc.ca/species-especes/profiles-profils/bluefin-tuna-thon-rouge-eng.html 

Fisheries and Oceans Canada. (2019a). Assessment of the Atlantic mackerel stock for the Northwest Atlantic 
(subareas 3 and 4) in 2018. Canadian Science Advisory Secretariat Science Advisory Report 2019/035. 
Fisheries and Oceans Canada (DFO), Ecosystems and Oceans Science, Quebec Region. https://www.dfo-
mpo.gc.ca/csas-sccs/Publications/SAR-AS/2019/2019_035-eng.pdf 

Fisheries and Oceans Canada. (2019b). Framework for incorporating climate-change considerations into 
fisheries stock assessments. Canadian Science Advisory Secretariat Science Advisory Report 2019/029. 
Fisheries and Oceans Canada (DFO), National Capital Region, Canada. https://www.dfo-
mpo.gc.ca/science/rp-pr/accasp-psaccma/index-eng.html 

Fisheries and Oceans Canada. (2020a). 2020 fishery notices related to North Atlantic right whales. Fisheries 
and Oceans Canada (DFO), Ottawa, Ontario, Canada. https://www.dfo-mpo.gc.ca/fisheries-
peches/commercial-commerciale/atl-arc/narw-bnan/index-eng.html 

Fisheries and Oceans Canada. (2020b). About the Canadian Science Advisory Secretariat (CSAS). Fisheries 
and Oceans Canada (DFO), Ottawa, Ontario, Canada. https://www.dfo-mpo.gc.ca/csas-sccs/about-
sur/index-eng.html 

Fisheries and Oceans Canada. (2020c). Commercial fisheries. Fisheries and Oceans Canada (DFO), Ottawa, 
Ontario. https://www.dfo-mpo.gc.ca/stats/commercial-eng.htm 



Climate Change Vulnerability | 57 
 

Fisheries and Oceans Canada. (2020d). CSAS publications, Science Advisory Reports. Fisheries and Oceans 
Canada (DFO), Ottawa, Ontario, Canada. http://www.isdm-gdsi.gc.ca/csas-
sccs/applications/Publications/result-eng.asp?params=0&series=7 

Fisheries and Oceans Canada. (2020e). Employment. Fisheries and Oceans Canada (DFO), Ottawa, Ontario. 
https://www.dfo-mpo.gc.ca/stats/cfs-spc/tab/cfs-spc-tab2-eng.htm 

Fisheries and Oceans Canada. (2020f). Evaluation of the Aquatic Climate Change Adaptation Services 
Program (ACCASP). Fisheries and Oceans Canada (DFO), Ottawa, Ontario, Canada. https://www.dfo-
mpo.gc.ca/ae-ve/evaluations/19-20/ACCASP-PSACCMA-eng.html 

Fisheries and Oceans Canada. (2020g). Experimental fishing plan Unit 1 redfish (2020 season). Fisheries and 
Oceans Canada (DFO), Ottawa, Ontario. https://www.dfo-mpo.gc.ca/fisheries-peches/commercial-
commerciale/atl-arc/management-plan-gestion/redfish-sebaste-eng.html 

Fisheries and Oceans Canada. (2021a). Action plan for the North Atlantic right whale (Eubalaena glacialis) 
in Canada. Species at Risk Act Action Plan Series. Fisheries and Oceans Canada (DFO), Ottawa, Ontario.  

Fisheries and Oceans Canada. (2021b). Seafisheries landed value by region, 2019. Fisheries and Oceans 
Canada (DFO). https://www.dfo-mpo.gc.ca/stats/commercial/land-debarq/sea-maritimes/s2019av-
eng.htm 

Foley, P., E. Pinkerton, M. G. Wiber, and R. L. Stephenson. (2020). Full-spectrum sustainability: an alternative 
to fisheries management panaceas. Ecology and Society 25. 

Food Processing Skills Canada. (2019). Securing Canada's fish and seafood workforce. Food Processing Skills 
Canada (FPSC), Ottawa, Ontario. https://lmi.fphrc.com/wp-content/uploads/2019/06/LMI-Atlantic-
Canadian-Fish-and-Seafood-Final-Report.pdf 

Forsberg, O. I. (1994). Modelling oxygen consumption rates of post-smolt Atlantic salmon in commercial-
scale, land-based farms. Aquaculture International 2: 180-196. 

Forsberg, O. I., and A. Bergheim. (1996). The impact of constant and fluctuating oxygen concentrations and 
two water consumption rates on post-smolt atlantic salmon production parameters. Aquacultural 
Engineering 15: 327-347. 

Forsyth, J. S. T., M. Andres, and G. G. Gawarkiewicz. (2015). Recent accelerated warming of the continental 
shelf off New Jersey: Observations from the CMV Oleander expendable bathythermograph line. Journal of 
Geophysical Research: Oceans 120: 2370-2384. 

Foyle, T. P., R. K. Dor, and R. W. Elner. (1989). Energetically defining the thermal limits of the snow crab. 
Journal of Experimental Biology 145: 371. 

Frank, K. T., B. Petrie, J. S. Choi, and W. C. Leggett. (2005). Trophic cascades in a formerly cod-dominated 
ecosystem. Science 308: 1621. 

Frank, K. T., B. Petrie, J. A. D. Fisher, and W. C. Leggett. (2011). Transient dynamics of an altered large marine 
ecosystem. Nature 477: 86-89. 



Climate Change Vulnerability | 58 
 

Frommel, A., A. Schubert, U. Piatkowski, and C. Clemmesen. (2013). Egg and early larval stages of Baltic cod, 
Gadus morhua, are robust to high levels of ocean acidification. Marine Biology 160: 1825-1834. 

Frommel, A. Y., R. Maneja, D. Lowe, A. M. Malzahn, A. J. Geffen, A. Folkvord, U. Piatkowski, T. B. H. Reusch, 
and C. Clemmesen. (2012). Severe tissue damage in Atlantic cod larvae under increasing ocean acidification. 
Nature Climate Change 2: 42-46. 

Frommel, A. Y., R. Maneja, D. Lowe, C. K. Pascoe, A. J. Geffen, A. Folkvord, U. Piatkowski, and C. Clemmesen. 
(2014). Organ damage in Atlantic herring larvae as a result of ocean acidification. Ecological Applications 
24: 1131-1143. 

Fu, X., B. Sun, K. Frank, and Z.-R. Peng. (2019). Evaluating sea-level rise vulnerability assessments in the USA. 
Climatic Change 155: 393-415. 

Galbraith, P. G., D. Brickman, P. Pepin, J. Chasse, E. Colbourne, R. Pettipas, D. Hebert, G. Han, M. Starr, K. 
Azetsu-Scott, and D. Gilbert. (2019). Physical oceanography. Page 149 in (Eds) R. Y. Bernier, R. E. Jamieson, 
and A. M. Moore. 2018. State of the Atlantic Ocean. Fisheries and Oceans Canada (DFO), Ottawa, Canda. 

Galbraith, P. S., J. Chassé, C. Caverhill, P. Nicot, D. Gilbert, B. Pettigrew, D. Lefaivre, D. Brickman, L. Devine, 
and C. Lafleur. (2017). Physical oceanographic conditions in the Gulf of St. Lawrence in 2016. Canadian 
Science Advisory Secretariat (CSAS), Research Document 2017/044. Fisheries and Oceans Canada (DFO), 
Quebec Region. https://waves-vagues.dfo-mpo.gc.ca/Library/40613677.pdf 

Garcia, E. G. (2007). The northern shrimp (Pandalus borealis) offshore fishery in the Northeast Atlantic. Pages 
147-266 in (Eds) Advances in Marine Biology. Academic Press. 

Garcia, S. M., J. Rice, and A. Charles. (2014). Governance of Marine Fisheries and Biodiversity Conservation: 
Interaction and Coevolution. John Wiley & Sons Ltd, New Jersey, USA. 

Gazeau, F., J.-P. Gattuso, C. Dawber, A. E. Pronker, F. Peene, J. Peene, C. H. R. Heip, and J. J. Middelburg. 
(2010). Effect of ocean acidification on the early life stages of the blue mussel Mytilus edulis. Biogeosciences 
7: 2051-2060. 

Gibson, V. (2018). Canadian fishermen want cheaper lobster bait. Americans want to stop an invasive fish. 
So, one Nova Scotian hatches a plan. Globe and Mail, Toronto, Ontario, Canada. https://nmc-mic.ca/wp-
content/uploads/2019/04/Clip-Four-Gibson.pdf 

Gilbert, D., N. N. Rabalais, R. J. Díaz, and J. Zhang. (2010). Evidence for greater oxygen decline rates in the 
coastal ocean than in the open ocean. Biogeosciences 7: 2283-2296. 

Gilbert, D., B. Sundby, C. Gobeil, A. Mucci, and G.-H. Tremblay. (2005). A seventy-two-year record of 
diminishing deep-water oxygen in the St. Lawrence estuary: The northwest Atlantic connection. Limnology 
and Oceanography 50: 1654-1666. 

Gledhill, D. K., M. M. White, J. Salisbury, H. Thomas, I. Mlsna, M. Liebman, B. Mook, J. Grear, A. C. Candelmo, 
R. C. Chambers, C. J. Gobler, C. W. Hunt, A. L. King, N. N. Price, S. R. Signorini, E. Stancioff, C. Stymiest, R. A. 
Wahle, J. D. Waller, N. D. Rebuck, Z. A. Wang, T. L. Capson, J. R. Morrison, S. R. Cooley, and S. C. Doney. 
(2015). Ocean and coastal acidification off New England and Nova Scotia. Oceanography 28: 182-197. 



Climate Change Vulnerability | 59 
 

Glenn, R. P., and T. L. Pugh. (2006). Epizootic shell disease in American lobster (Homarus americanus) in 
Massachusetts coastal waters: Interactions of temperature, maturity, and intermolt duration. Journal of 
Crustacean Biology 26: 639-645. 

Gobler, C. J., O. M. Doherty, T. K. Hattenrath-Lehmann, A. W. Griffith, Y. Kang, and R. W. Litaker. (2017). 
Ocean warming since 1982 has expanded the niche of toxic algal blooms in the North Atlantic and North 
Pacific oceans. Proceedings of the National Academy of Sciences 114: 4975. 

Gobler, C. J., and S. C. Talmage. (2014). Physiological response and resilience of early life-stage Eastern 
oysters (Crassostrea virginica) to past, present and future ocean acidification. Conservation Physiology 2: 
cou004-cou004. 

Godwin, S. C., M. D. Fast, A. Kuparinen, K. E. Medcalf, and J. A. Hutchings. (2020). Increasing temperatures 
accentuate negative fitness consequences of a marine parasite. Scientific Reports 10: 18467. 

Goode, A. G., D. C. Brady, R. S. Steneck, and R. A. Wahle. (2019). The brighter side of climate change: How 
local oceanography amplified a lobster boom in the Gulf of Maine. Global Change Biology 25: 3906-3917. 

Government of Canada. (1999). Canadian Environmental Protection Act, 1999. M. o. Justice.  

Government of Canada. (2005). Canada’s report on demonstrable progress under the Kyoto Protocol. 
Demonstration to progress to 2005. Government of Canada, Ottawa, Ontario. 
https://unfccc.int/resource/docs/dpr/can1e.pdf 

Government of Canada. (2019). Pricing carbon pollution from industry. Government of Canada, Ottawa, 
Ontario, Canada. https://www.canada.ca/en/environment-climate-change/services/climate-
change/pricing-pollution-how-it-will-work/industry/pricing-carbon-pollution.html 

Government of Canada. (2020a). Canada accelerating climate change adaptation in Nova Scotia. 
Government of Canada, Ottawa, Ontario, Canada. https://www.canada.ca/en/natural-resources-
canada/news/2019/08/canada-accelerating-climate-change-adaptation-in-nova-scotia.html 

Government of Canada. (2020b). Disaster mitigation and adaptation fund: Overview. Government of 
Canada, Ottawa, Ontario, Canada. https://www.infrastructure.gc.ca/dmaf-faac/index-eng.html 

Government of Canada. (2020c). A healthy environment and a healthy economy. Government of Canada, 
Ottawa, Ontario, Canada. https://www.canada.ca/en/environment-climate-change/news/2020/12/a-
healthy-environment-and-a-healthy-economy.html 

Government of Canada. (2020d). Infrastructure in Nova Scotia. Government of Canada, Ottawa, Ontario, 
Canada. https://www.infrastructure.gc.ca/plan/prog-proj-ns-eng.html#1.2 

Government of Canada. (2020e). The low carbon economy fund. Government of Canada, Ottawa, Ontario, 
Canada. https://www.canada.ca/en/environment-climate-change/services/climate-change/low-carbon-
economy-fund.html 

Government of Canada. (2020f). Pan-Canadian framework on clean growth and climate change. 
Government of Canada, Ottawa, Ontario, Canada. 
https://www.canada.ca/en/services/environment/weather/climatechange/pan-canadian-framework.html 



Climate Change Vulnerability | 60 
 

Government of Canada. (2020g). Participation in international environmental agreements and instruments. 
Government of Canada, Ottawa, Ontario, Canada. https://www.canada.ca/en/environment-climate-
change/corporate/international-affairs/partnerships-organizations/participation-international-
environmental-agreements.html#wb-auto-4 

Government of Canada. (2021). EcoAction community funding program. Government of Canada, Ottawa, 
Ontario. https://www.canada.ca/en/environment-climate-change/services/environmental-
funding/ecoaction-community-program.html 

Greenan, B., A. Cogswell, P. Greyson, D. Jean, M. Cloutier, E. Bird, R. Losier, E. Marceau, and W. Fan. (2018). 
Small craft harbours coastal infrastructure vulnerability index pilot project. Canadian Technical Report of 
Fisheries and Aquatic Sciences 3245. Fisheries and Oceans Canada (DFO), Maritimes Region. https://waves-
vagues.dfo-mpo.gc.ca/Library/40648862.pdf 

Greenan, B. J. W., T. S. James, J. W. Loder, P. Pepin, K. Azetsu-Scott, D. Ianson, R. C. Hamme, D. Gilbert, J.-E. 
Tremblay, X. L. Wang, and W. Perrie. (2019a). Changes in oceans surrounding Canada. Pages 343–423 in 
(Eds) E. Bush and D. S. Lemmen. Canada’s Changing Climate Report. Government of Canada, Ottawa, 
Ontario. 

Greenan, B. J. W., N. L. Shackell, K. Ferguson, P. Greyson, A. Cogswell, D. Brickman, Z. Wang, A. Cook, C. E. 
Brennan, and V. S. Saba. (2019b). Climate change vulnerability of American lobster fishing communities in 
Atlantic Canada. Frontiers in Marine Science: 10.3389/fmars.2019.00579. 

Greenan, B. J. W., and A. Warburton. (2013). Analysis of DFO non-ecosystem services and operations in 
Atlantic Canada. Pages 313 - 366 in (Eds) N. L. Shackell, B. Greenan, P. Pepin, D. Chabot, and A. Warburton. 
Climate change impacts, vulnerabilities and opportunities analysis of the marine Atlantic Basin. Vol. 3012 of 
Canadian Manuscript Reports of Fisheries and Aquatic Sciences. Fisheries and Oceans Canada (DFO), Ocean 
and Ecosystem Sciences Division, Bedford Institute of Oceanography, Nova Scotia. 

Grieve, B. D., J. A. Hare, and V. S. Saba. (2017). Projecting the effects of climate change on Calanus 
finmarchicus distribution within the U.S. Northeast Continental Shelf. Scientific Reports 7: 6264. 

Griffith, A. W., and C. J. Gobler. (2020). Harmful algal blooms: A climate change co-stressor in marine and 
freshwater ecosystems. Harmful Algae 91: 101590. 

Groner, M. L., G. Gettinby, M. Stormoen, C. W. Revie, and R. Cox. (2014). Modelling the impact of 
temperature-induced life history plasticity and mate limitation on the epidemic potential of a marine 
ectoparasite. Plos One 9: e88465. 

Gruber, N. (2011). Warming up, turning sour, losing breath: ocean biogeochemistry under global change. 
Philosophical Transactions of the Royal Society A: Mathematical, Physical and Engineering Sciences 369: 
1980-1996. 

Gupta, J. (2010). A history of international climate change policy. WIREs Climate Change 1: 636-653. 

Handeland, S. O., Björnsson, A. M. Arnesen, and S. O. Stefansson. (2003). Seawater adaptation and growth 
of post-smolt Atlantic salmon (Salmo salar) of wild and farmed strains. Aquaculture 220: 367-384. 



Climate Change Vulnerability | 61 
 

Handeland, S. O., A. K. Imsland, and S. O. Stefansson. (2008). The effect of temperature and fish size on 
growth, feed intake, food conversion efficiency and stomach evacuation rate of Atlantic salmon post-smolts. 
Aquaculture 283: 36-42. 

Hardy, D., J. Munro, and J.-D. Dutil. (1994). Temperature and salinity tolerance of the soft-shell and hard-
shell male snow crab, Chionoecetes opilio. Aquaculture 122: 249-265. 

Hebert, D., and R. G. Pettipas. (2016). Physical oceanographic conditions on the Scotian Shelf and in the 
eastern Gulf of Maine (NAFO Divisions 4V,W, X) during 2015. NAFO Doc 16/06. Northwest Atlantic Fisheries 
Organization, Halifax, Nova Scotia. https://www.nafo.int/Portals/0/PDFs/sc/2016/scr16-006.pdf 

Hebert, D., R. G. Pettipas, D. Brickman, and M. Dever. (2016). Physical oceanographic conditions on the 
Scotian Shelf and in the Gulf of Maine. Canadian Science Advisory Secretariat Research Document 2018/016. 
Fisheries and Oceans Canada (DFO), Maritimes region, Bedford Institute of Oceanography, Dartmouth, Nova 
Scotia. https://waves-vagues.dfo-mpo.gc.ca/Library/40701876.pdf 

Hégaret, H., G. H. Wikfors, and S. E. Shumway. (2009). 2 - Biotoxin contamination and shellfish safety. Pages 
43-80 in (Eds) S. E. Shumway and G. E. Rodrick. Shellfish Safety and Quality. Woodhead Publishing. 

Holbrook, N., A. Gupta, E. Oliver, A. Hobday, J. Benthuysen, H. Scannell, D. Smale, and T. Wernberg. (2020). 
Keeping pace with marine heatwaves. Nature Reviews Earth & Environment. 

Hollowed, A. B., B. Planque, and H. Loeng. (2013). Potential movement of fish and shellfish stocks from the 
sub-Arctic to the Arctic Ocean. Fisheries Oceanography 22: 355-370. 

Hönisch, B., A. Ridgwell, D. N. Schmidt, E. Thomas, S. J. Gibbs, A. Sluijs, R. Zeebe, L. Kump, R. C. Martindale, 
S. E. Greene, W. Kiessling, J. Ries, J. C. Zachos, D. L. Royer, S. Barker, T. M. Marchitto, R. Moyer, C. Pelejero, P. 
Ziveri, G. L. Foster, and B. Williams. (2012). The geological record of ocean acidification. Science 335: 1058. 

Howarth, L. M., L. Lewis-McCrea, J. LaBelle, and G. Reid. (2021). Managing aquaculture and eelgrass 
interactions in Nova Scotia. Centre for Marine Appplied Research (CMAR), Dartmouth, Nova Scotia. 
https://cmar.ca/2020/07/12/managing-aquaculture-and-eelgrass-interactions-in-nova-scotia/ 

Howarth, L. M., C. M. Roberts, R. H. Thurstan, and B. D. Stewart. (2014). The unintended consequences of 
simplifying the sea: making the case for complexity. Fish & Fisheries 15: 690-711. 

Hughes, L. (2016). How one province met Canada's 2030 emissions reduction target. 
https://policyoptions.irpp.org/contact/ 

Hunter, K. L., J. Wade, C. H. Stortini, K. D. Hyatt, J. R. Christian, P. Pepin, I. A. Pearsall, M. W. Nelson, R. I. Perry, 
and N. L. Shackell. (2015). Climate change vulnerability assessment methodology workshop proceedings. 
Canadian Manuscript Report of Fisheries and Aquatic Sciences 3086. Fisheries and Oceans Canada (DFO), 
Pacific Region.  

IPCC. (2014). Climate change 2014: Synthesis report. Contribution of Working Groups I, II and III to the Fifth 
Assessment Report of the IPCC. Intergovernmental Panel on Climate Change (IPCC), Geneva, Switzerland. 
https://www.ipcc.ch/reports/?rp=ar5 



Climate Change Vulnerability | 62 
 

IPCC. (2020a). Reports. Intergovernmental panel on climate change (IPCC), Geneva, Switzerland. 
https://www.ipcc.ch/reports/?rp=ar4 

IPCC. (2020b). Structure of the IPCC. Intergovernmental panel on climate change (IPCC), Geneva, 
Switzerland. https://www.ipcc.ch/about/structure/ 

IPCC. (2020c). Working groups. Intergovernmental panel on climate change (IPCC), Geneva, Switzerland. 
https://www.ipcc.ch/working-groups/ 

Islam, M. M., A. Barman, G. K. Kundu, M. A. Kabir, and B. Paul. (2019). Vulnerability of inland and coastal 
aquaculture to climate change: Evidence from a developing country. Aquaculture and Fisheries 4: 183-189. 

Jackson, J. B. C., M. X. Kirby, W. H. Berger, K. A. Bjorndal, L. W. Botsford, B. J. Bourque, R. H. Bradbury, R. 
Cooke, J. Erlandson, J. A. Estes, T. P. Hughes, S. Kidwell, C. B. Lange, H. S. Lenihan, J. M. Pandolfi, C. H. 
Peterson, R. S. Steneck, M. J. Tegner, and R. R. Warner. (2001). Historical overfishing and the recent collapse 
of coastal ecosystems. Science 293: 629. 

Jacques, D. (2020). HalifACT 2050: Acting on Climate Together. Halifax Regional Council.  

James, T. S., J. A. Henton, L. J. Leonard, A. Darlington, D. L. Forbes, and M. Craymer. (2014). Relative sea-level 
projections in Canada and the adjacent mainland United States. Geological survey of Canada open file 7737. 
Geological Survey Canada, Ottawa, Ontario. https://northsaanich.ca/wp-content/uploads/Relative-Sea-
level-Project-in-Canada-Adjacent-Mainland-US.pdf 

Johnson, J. E., and D. J. Welch. (2009). Marine fisheries management in a changing climate: A review of 
vulnerability and future options. Reviews in Fisheries Science 18: 106-124. 

Kazakov, R. V., and L. M. Khalyapina. (1981). Oxygen consumption of adult Atlantic salmon (Salmo salar L.) 
males and females in fish culture. Aquaculture 25: 289-292. 

Khan, A. H., E. Levac, L. Van Guelphen, G. Pohle, and G. L. Chmura. (2018). The effect of global climate change 
on the future distribution of economically important macroalgae (seaweeds) in the northwest Atlantic. 
FACETS 3: 275-286. 

Kiemer, M. C. B., and K. D. Black. (1997). The effects of hydrogen peroxide on the gill tissues of Atlantic 
salmon, Salmo salmar L. Aquaculture 153: 181-189. 

Kim, B.-T., C. L. Brown, and D.-H. Kim. (2019). Assessment on the vulnerability of Korean aquaculture to 
climate change. Marine Policy 99: 111-122. 

Kling, M. M., S. L. Auer, P. J. Comer, D. D. Ackerly, and H. Hamilton. (2020). Multiple axes of ecological 
vulnerability to climate change. Glob Chang Biol 26: 2798-2813. 

Koeller, P. (2000). Relative importance of abiotic and biotic factors to the management of the Northern 
Shrimp (Pandalus borealis) fishery on the Scotian Shelf. Journal of Northwest Atlantic Fishery Science 27: 
21-33. 

Kon, T., T. Adachi, and Y. Suzuki. (2003). Distribution of snow crab, Chionoecetes spp., larvae off Wakasa Bay 
in the Sea of Japan. Fisheries Science 69: 1109-1115. 



Climate Change Vulnerability | 63 
 

Krishnan, P., P. S. Ananthan, R. Purvaja, J. Joyson Joe Jeevamani, J. Amali Infantina, C. Srinivasa Rao, A. Anand, 
R. S. Mahendra, I. Sekar, K. Kareemulla, A. Biswas, R. Kalpana Sastry, and R. Ramesh. (2019). Framework for 
mapping the drivers of coastal vulnerability and spatial decision making for climate-change adaptation: A 
case study from Maharashtra, India. Ambio 48: 192-212. 

Kroeker, K. J., R. L. Kordas, R. N. Crim, and G. G. Singh. (2010). Meta-analysis reveals negative yet variable 
effects of ocean acidification on marine organisms. Ecology Letters 13: 1419-1434. 

Kuhn, P. S., S. Graham, and J. S. Choi. (2011). Influence of senescent algae, temperature, tides, currents, and 
embryo detachment on Chionoecetes Opilio (Snow Crab) larval release. Journal of Crustacean Biology 31: 
100-105. 

Lagos, N. A., S. Benítez, C. Duarte, M. A. Lardies, B. R. Broitman, C. Tapia, P. Tapia, S. Widdicombe, and C. A. 
Vargas. (2016). Effects of temperature and ocean acidification on shell characteristics of Argopecten 
purpuratus: implications for scallop aquaculture in an upwelling-influenced area. Aquaculture Environment 
Interactions 8: 357-370. 

Landsberg, J. H. (2002). The effects of harmful algal blooms on aquatic organisms. Reviews in Fisheries 
Science 10: 113-390. 

Lavoie, D., N. Lambert, and D. Gilbert. (2019). Projections of future trends in biogeochemical conditions in 
the Northwest Wtlantic using CMIP5 earth system models. Atmosphere-Ocean 57: 18-40. 

Lavoie, D., N. Lambert, S. Rousseau, J. Dumas, J. Chasse, Z. Long, W. Perrie, M. Starr, D. Brickman, and K. 
Azetsu-Scott. (2020). Projections of future physical and biogeochemical conditions in the Gulf of St. 
Lawrence, on the Scotian Shelf and in the Gulf of Maine. Canadian Technical Report of Hydrography and 
Ocean Sciences 334. Fisheries and Oceans Canada (DFO), Pelagic and Ecosystem Science Branch, Quebec. 
http://www.publications.gc.ca/site/fra/9.892092/publication.html 

Lavoie, R. E. (2012). The importance of oyster history. Revitalizing the Bras d’Or Lakes for Oyster 
Development. Aquaculture Association of Nova Scotia Workshop Proceedings 2012. Aquaculture 
Association of Canada Special Publication 18 (2012). Membertou, Nova Scotia, Canada. 
http://aquacultureassociation.ca/wp-content/uploads/bsk-pdf-manager/2017/01/Revitalizing-the-Bras-
dOr-Lakes-for-Oyster-Development-Aquaculture-Association-of-Nova-Scotia-Workshop-Proceedings-
2012.pdf 

Lawton, P., and K. L. Lavalli. (1995). Postlarval, juvenile, adolescent, and adult ecology. Pages 47-88 in (Eds) 
J. R. Factor. Biology of the Lobster Homarus americanus. Academic Press, San Diego, USA. 

Le Bris, A., K. E. Mills, R. A. Wahle, Y. Chen, M. A. Alexander, A. J. Allyn, J. G. Schuetz, J. D. Scott, and A. J. 
Pershing. (2018). Climate vulnerability and resilience in the most valuable North American fishery. 
Proceedings of the National Academy of Sciences 115: 1831-1836. 

Le Bris, A., A. J. Pershing, J. Gaudette, T. L. Pugh, and K. M. Reardon. (2017). Multi-scale quantification of the 
effects of temperature on size at maturity in the American lobster (Homarus americanus). Fisheries Research 
186: 397-406. 



Climate Change Vulnerability | 64 
 

LeBlanc, N., T. Landry, J. Davidson, R. Tremblay, and M. McNiven. (2010). The effect of elevated water 
temperature stress on the mussel Mytilus Edulis (L.), survival and genetic characteristics. Canadian Technical 
Report of Fisheries and Aquatic Sciences 2900. Fisheries and Oceans Canada (DFO), Gulf Region, Moncton, 
New Brunswick. https://science-catalogue.canada.ca/record=4041622~S6 

Leduc, A. O. H. C., P. L. Munday, G. E. Brown, and M. C. O. Ferrari. (2013). Effects of acidification on olfactory-
mediated behaviour in freshwater and marine ecosystems: A synthesis. Philosophical Transactions of the 
Royal Society B: Biological Sciences 368: 20120447. 

Lemasson, A. J., S. Fletcher, J. M. Hall-Spencer, and A. M. Knights. (2017). Linking the biological impacts of 
ocean acidification on oysters to changes in ecosystem services: A review. Journal of Experimental Marine 
Biology and Ecology 492: 49-62. 

Lemmen, D. S., F. J. Warren, T. S. James, and C. S. L. e. Mercer Clarke. (2016). Canada's marine coasts in a 
changing climate. Government of Canada, Ottawa, Ontario.  

Levin, L. A. (2018). Manifestation, drivers, and emergence of open ocean deoxygenation. Annual Review of 
Marine Science 10: 229-260. 

Levinton, J., M. Doall, D. Ralston, A. Starke, and B. Allam. (2011). Climate change, precipitation and impacts 
on an estuarine refuge from disease. Plos One 6: e18849-e18849. 

MacCallum, I. (2010). Infrastructure risk assessment of coastal roads in Nova Scotia. 2010 Annual Conference 
of the Transportation Association of Canada. Halifax, Nova Scotia, canada. https://www.tac-
atc.ca/en/conference/papers/infrastructure-risk-assessment-coastal-roads-nova-scotia 

MacKenzie, B. R. (1988). Assessment of temperature effects on interrelationships between stage durations, 
mortality, and growth in laboratory-reared Homarus americanus Milne Edwards larvae. Journal of 
Experimental Marine Biology and Ecology 116: 87-98. 

Macusi, E. D., E. S. Macusi, L. A. Jimenez, and J. P. Catam-isan. (2020). Climate change vulnerability and 
perceived impacts on small-scale fisheries in eastern Mindanao. Ocean & Coastal Management 189: 
105143. 

Mafi-Gholami, D., A. Jaafari, E. K. Zenner, A. Nouri Kamari, and D. Tien Bui. (2020). Vulnerability of coastal 
communities to climate change: Thirty-year trend analysis and prospective prediction for the coastal regions 
of the Persian Gulf and Gulf of Oman. Science of the Total Environment 741: 140305. 

Manson, G. K., N. J. Couture, and T. S. James. (2019). CanCoast 2.0: data and indices to describe the sensitivity 
of Canada's marine coasts to changing climate. O. F. Geological Survey of Canada. 
https://geoscan.nrcan.gc.ca/starweb/geoscan/servlet.starweb?path=geoscan/downloade.web&search1=R
=314669 

Marshall, N., R. Tobin, P. Marshall, M. Gooch, and A. Hobday. (2013). Social vulnerability of marine resource 
users to extreme weather events. Ecosystems 16. 

Marshall, N. A. (2010). Understanding social resilience to climate variability in primary enterprises and 
industries. Global Environmental Change 20: 36-43. 



Climate Change Vulnerability | 65 
 

Mastrandrea, M. D., C. B. Field, T. F. Stocker, O. Edenhofer, K. L. Ebi, D. J. Frame, H. Held, E. Kriegler, K. J. 
Mach, P. R. Matschoss, G.-K. Plattner, G. W. Yohe, and F. W. Zwiers. (2010). Guidance note for lead authors 
of the IPCC fifth assessment report on consistent treatment of uncertainties. IPCC Cross-Working Group 
Meeting on Consistent Treatment of Uncertainties Jasper Ridge, CA, USA 6-7 July 2010. Intergovernmental 
Panel on Climate Change (IPCC), Geneva, Switzerland. 
https://www.ipcc.ch/site/assets/uploads/2017/08/AR5_Uncertainty_Guidance_Note.pdf 

Mayer, L. (2019). Nova Scotia needs oyster seeds. Aquaculture North America, Ontario, Canada. 
https://www.aquaculturenorthamerica.com/nova-scotia-needs-oyster-seeds-2228/ 

Maynard, J., R. van Hooidonk, C. D. Harvell, C. M. Eakin, G. Liu, B. L. Willis, G. J. Williams, M. L. Groner, A. 
Dobson, S. F. Heron, R. Glenn, K. Reardon, and J. D. Shields. (2016). Improving marine disease surveillance 
through sea temperature monitoring, outlooks and projections. Philosophical Transactions of the Royal 
Society B: Biological Sciences 371. 

Mazur, M. D., K. D. Friedland, M. C. McManus, and A. G. Goode. (2020). Dynamic changes in American lobster 
suitable habitat distribution on the Northeast U.S. Shelf linked to oceanographic conditions. Fisheries 
Oceanography 29: 349-365. 

McCarthy, E. (2019). P.E.I. fishing industry looking at replacements for traditional lobster bait. The Guardian. 
The Guardian, Charlottetown, PEI, Canada, https://www.theguardian.pe.ca/news/local/pei-fishing-industry-
looking-at-replacements-for-traditional-lobster-bait-335605/ 

Medcalf, K. E., J. A. Hutchings, M. D. Fast, A. Kuparinen, and S. C. Godwin. (2021). Warming temperatures 
and ectoparasitic sea lice impair internal organs in juvenile Atlantic salmon. Marine Ecology Progress Series 
660: 161-169. 

Medina, N., Y. Abebe, A. Sanchez Torres, and Z. Vojinovic. (2020). Assessing Socioeconomic Vulnerability 
after a Hurricane: A Combined Use of an Index-Based approach and Principal Components Analysis. 
Sustainability 12: 1452. 

Messner, F., and V. Meyer. (2006). Flood damage, vulnerability and risk perception – challenges for flood 
damage research. Flood Risk Management: Hazards, Vulnerability and Mitigation Measures. Dordrecht.  

Miller, A. W., A. C. Reynolds, C. Sobrino, and G. F. Riedel. (2009). Shellfish face uncertain future in high CO2 
world: Influence of acidification on oyster larvae calcification and growth in estuaries. Plos One 4: e5661. 

Mills, K., A. Pershing, C. Brown, Y. Chen, F.-S. Chiang, D. Holland, S. Lehuta, J. Nye, J. Sun, A. Thomas, and R. 
Wahle. (2013). Fisheries management in a changing climate: Lessons from the 2012 ocean heat wave in the 
Northwest Atlantic. Oceanography 26. 

Minano, A., P. A. Johnson, and J. Wandel. (2018). Visualizing flood risk, enabling participation and supporting 
climate change adaptation using the Geoweb: the case of coastal communities in Nova Scotia, Canada. 
GeoJournal 83: 413-425. 

Minister of Environment and Labour. (2007). Environmental Goals and Sustainable Prosperity Act. t. G. A. 
Government Bill. 1st Session, Nova Scotia, 56 Elizabeth II, 2007.  



Climate Change Vulnerability | 66 
 

MLCA. (2018). Impact of black sea bass in Gulf of Maine remains unclear. Maine Lobsterman's Community 
Alliance (MLCA), Maine, USA. https://mlcalliance.org/2018/05/09/impact-of-black-sea-bass-in-gulf-of-
maine-remains-unclear/ 

Mombourquette, D. R. (2019). A science-industry study of the distribution of fishing benefits to the 
community of Grand Manan, Bay of Fundy. Saint Mary’s University, Halifax, Nova Scotia, Canada. 
http://library2.smu.ca/bitstream/handle/01/28527/Mombourquette_Daniel_MASTERS_2019.pdf?sequence
=1&isAllowed=y 

Montgomery, M. (2019). Fish farming controversy over massive salmon die-off. Radio Canada International 
(RCI). https://www.rcinet.ca/en/2019/10/10/fish-farming-controversy-over-massive-salmon-die-off/ 

Moore, M. J., T. K. Rowles, D. A. Fauquier, J. D. Baker, I. Biedron, J. W. Durban, P. K. Hamilton, A. G. Henry, A. 
R. Knowlton, W. A. McLellan, C. A. Miller, R. M. Pace, III, H. M. Pettis, S. Raverty, R. M. Rolland, R. S. Schick, S. 
M. Sharp, C. R. Smith, L. Thomas, J. M. van der Hoop, and M. H. Ziccardi. (2021). Assessing North Atlantic 
right whale health: threats, and development of tools critical for conservation of the species. Diseases of 
Aquatic Organisms 143: 205-226. 

Morato, T., J.-M. González-Irusta, C. Dominguez-Carrió, C.-L. Wei, A. Davies, A. K. Sweetman, G. H. Taranto, 
L. Beazley, A. García-Alegre, A. Grehan, P. Laffargue, F. J. Murillo, M. Sacau, S. Vaz, E. Kenchington, S. Arnaud-
Haond, O. Callery, G. Chimienti, E. Cordes, H. Egilsdottir, A. Freiwald, R. Gasbarro, C. Gutiérrez-Zárate, M. 
Gianni, K. Gilkinson, V. E. Wareham Hayes, D. Hebbeln, K. Hedges, L.-A. Henry, D. Johnson, M. Koen-Alonso, 
C. Lirette, F. Mastrototaro, L. Menot, T. Molodtsova, P. Durán Muñoz, C. Orejas, M. G. Pennino, P. Puerta, S. 
Á. Ragnarsson, B. Ramiro-Sánchez, J. Rice, J. Rivera, J. M. Roberts, S. W. Ross, J. L. Rueda, Í. Sampaio, P. 
Snelgrove, D. Stirling, M. A. Treble, J. Urra, J. Vad, D. van Oevelen, L. Watling, W. Walkusz, C. Wienberg, M. 
Woillez, L. A. Levin, and M. Carreiro-Silva. (2020). Climate-induced changes in the suitable habitat of cold-
water corals and commercially important deep-sea fishes in the North Atlantic. Global Change Biology 26: 
2181-2202. 

Moriyasu, M., and C. Lanteigne. (1998). Embryo development and reproductive cycle in the snow crab, 
Chionoecetes opilio (Crustacea: Majidae), in the southern Gulf of St. Lawrence, Canada. Canadian Journal of 
Zoology 76: 2040-2048. 

Morley, J. W., R. L. Selden, R. J. Latour, T. L. Frölicher, R. J. Seagraves, and M. L. Pinsky. (2018). Projecting 
shifts in thermal habitat for 686 species on the North American continental shelf. Plos One 13. 

Morse, J. W., R. S. Arvidson, and A. Lüttge. (2007). Calcium carbonate formation and dissolution. Chemical 
Reviews 107: 342-381. 

Mostofi Camare, H., and D. E. Lane. (2015). Adaptation analysis for environmental change in coastal 
communities. Socio-Economic Planning Sciences 51: 34-45. 

Mucci, A., M. Starr, D. Gilbert, and B. Sundby. (2011). Acidification of lower st. Lawrence estuary bottom 
waters. Atmosphere-Ocean 49: 206-218. 

Munday, P. L., D. L. Dixson, M. I. McCormick, M. Meekan, M. C. O. Ferrari, and D. P. Chivers. (2010). 
Replenishment of fish populations is threatened by ocean acidification. Proceedings of the National 
Academy of Sciences of the United States of America 107: 12930-12934. 



Climate Change Vulnerability | 67 
 

Munday, P. L., J. M. Donelson, D. L. Dixson, and G. G. K. Endo. (2009). Effects of ocean acidification on the 
early life history of a tropical marine fish. Proceedings of the Royal Society B: Biological Sciences 276: 3275-
3283. 

Naylor, R. L., R. W. Hardy, A. H. Buschmann, S. R. Bush, L. Cao, D. H. Klinger, D. C. Little, J. Lubchenco, S. E. 
Shumway, and M. Troell. (2021). A 20-year retrospective review of global aquaculture. Nature 591: 551-563. 

Neilson, J. D., J. Loefer, E. D. Prince, F. Royer, B. Calmettes, P. Gaspar, R. Lopez, and I. Andrushchenko. (2014). 
Seasonal distributions and migrations of northwest atlantic swordfish: Inferences from integration of pop-
up satellite archival tagging studies. Plos One 9: e112736. 

NOAA. (2020). Species directory. National Oceanic and Atmospheric Administration (NOAA), USA. 
https://www.fisheries.noaa.gov/species-directory 

NOAA. (2021). 2017–2021 North Atlantic right whale unusual mortality event. National Oceanic and 
Atmospheric Administration (NOAA), Maryland, USA. https://www.fisheries.noaa.gov/national/marine-life-
distress/2017-2020-north-atlantic-right-whale-unusual-mortality-event 

Nova Scotia Department of Energy. (2010). Renewable electricity plan. A path to good jobs, stable prices, 
and a cleaner environment. Nova Scotia Department of Energy, Nova Scotia, Canada. 
https://energy.novascotia.ca/sites/default/files/renewable-electricity-plan.pdf 

Nova Scotia Department of Fisheries and Aquaculture. (2019). Business plan 2019 - 2020. Nova Scotia 
Department of Fisheries and Aquaculture (NSDFA), Halifax, Nova Scotia. 
https://novascotia.ca/government/accountability/2019-2020/2019-2020-business-plan-Department-of-
Fisheries-and-Aquaculture.pdf 

Nova Scotia Department of Fisheries and Aquaculture. (2020a). Aquaculture license and lease GIS database. 
Nova Scotia Open Data Portal. Nova Scotia department of Fisheries and Aquaculture (NSDFA). 
https://data.novascotia.ca/Fishing-and-Aquaculture/Aquaculture-License-and-Lease-GIS-Database/h57h-
p9mm 

Nova Scotia Department of Fisheries and Aquaculture. (2020b). Aquaculture Statistics. Nova Scotia 
Department of Fisheries and Aquaculture (NSDFA). April 5th 2020. 
https://novascotia.ca/fish/aquaculture/economic-impact/ 

Nova Scotia Department of Fisheries and Aquaculture. (2020c). Industry overview. Nova Scotia Department 
of Fisheries and Aquaculture (NSDFA), Halifax, Nova Scotia. https://novascotia.ca/fish/commercial-
fisheries/industry-overview/ 

Nova Scotia Department of Fisheries and Aquaculture. (2020d). Nova Scotia Fisheries and Aquaculture – 
Recent Trends. Nova Scotia Department of Fisheries and Aquaculture (NSDFA), Halifax, Nova Scotia.  

Nova Scotia Environment. (2018). Developing coastal protection legislation. Presentation in July 2018. Nova 
Scotia Environment, Halifax, Nova Scotia, Canada. 
https://www.halifax.ca/sites/default/files/documents/city-hall/boards-committees-
commissions/180801sprwab531.pdf 



Climate Change Vulnerability | 68 
 

Nova Scotia Environment. (2019a). Nova Scotia’s cap and trade program. Regulatory framework. 
https://climatechange.novascotia.ca/sites/default/files/Nova-Scotia-Cap-and-Trade-Regulatory-
Framework.pdf 

Nova Scotia Environment. (2019b). Public and stakeholder consultations coastal protection legislation in 
Nova Scotia. Nova Scotia Environment, Halifax, Nova Scotia, Canada. 
https://novascotia.ca/coast/CoastalProtectionLegislationConsultationReport.pdf 

Nova Scotia Legislature. (2019). Coastal Protection Act - Bill 106. Assembly 63, Session 2.  

Nye, J. A., J. S. Link, J. A. Hare, and W. J. Overholtz. (2009). Changing spatial distribution of fish stocks in 
relation to climate and population size on the Northeast United States continental shelf. Marine Ecology 
Progress Series 393: 111-129. 

O'Donnell, M. J., M. N. George, and E. Carrington. (2013). Mussel byssus attachment weakened by ocean 
acidification. Nature Climate Change 3: 587-590. 

Office of the Auditor General of Canada. (2018a). Perspectives on climate change action in Canada—a 
collaborative report from auditors general—March 2018. Office of the Auditor General of Canada, Ottawa, 
Ontario, Canada. https://www.oag-bvg.gc.ca/internet/English/parl_otp_201803_e_42883.html 

Office of the Auditor General of Canada. (2018b). Report 1—progress on reducing greenhouse gases—
Environment and Climate Change Canada. Office of the Auditor General of Canada, Ottawa, Ontario, 
Canada. https://www.oag-bvg.gc.ca/internet/English/parl_cesd_201710_01_e_42489.html 

Ojea, E., S. E. Lester, and D. Salgueiro-Otero. (2020). Adaptation of Fishing Communities to Climate-Driven 
Shifts in Target Species. One Earth 2: 544-556. 

Oliver, E. C. J., M. G. Donat, M. T. Burrows, P. J. Moore, D. A. Smale, L. V. Alexander, J. A. Benthuysen, M. Feng, 
A. Sen Gupta, A. J. Hobday, N. J. Holbrook, S. E. Perkins-Kirkpatrick, H. A. Scannell, S. C. Straub, and T. 
Wernberg. (2018). Longer and more frequent marine heatwaves over the past century. Nature 
Communications 9: 1324. 

Omand, G. (2013). Maritime oyster mission hopes to find solution to devastating disease. CTV News, Ottawa, 
Ontario, Canada. https://www.ctvnews.ca/canada/maritime-oyster-mission-hopes-to-find-solution-to-
devastating-disease-1.1387156 

oneNS. (2014). The report of the Nova Scotia commission on building our new economy. One Nova Scotia. 
https://onens.ca/img/now-or-never.pdf 

Overholtz, W., J. Hare, and C. Keith. (2011). Impacts of interannual environmental forcing and climate change 
on the distribution of Atlantic mackerel on the US Northeast Continental Shelf. Marine and Coastal Fisheries 
3: 219-232. 

Overholtz, W. J. (2002). The Gulf of Maine–Georges Bank Atlantic herring (Clupea harengus): spatial pattern 
analysis of the collapse and recovery of a large marine fish complex. Fisheries Research 57: 237-254. 

Parliament of Canada. (2007). The Clean Air Act. Bill C-30. https://www.parl.ca/DocumentViewer/en/39-
1/bill/C-30/second-reading 



Climate Change Vulnerability | 69 
 

Parmesan, C., and G. Yohe. (2003). A globally coherent fingerprint of climate change impacts across natural 
systems. Nature 421: 37-42. 

Paul, S. D., and R. l. Stephenson. (2020). The integration of full-spectrum ecosystem-based management in 
Canadian fisheries management plans. Canadian Technical Report of Fisheries and Aquatic Sciences 3350. 
Fisheries and Oceans Canada (DFO), Maritimes Region, Canada. https://waves-vagues.dfo-
mpo.gc.ca/Library/40857384.pdf 

Pearce, J., and N. Balcom. (2005). The 1999 Long Island Sound lobster mortality event: findings of the 
comprehensive research initiative. Journal of Shellfish Research 24: 691-697, 697. 

Pedersen, E. J., P. L. Thompson, R. A. Ball, M.-J. Fortin, T. C. Gouhier, H. Link, C. Moritz, H. Nenzen, R. R. E. 
Stanley, Z. E. Taranu, A. Gonzalez, F. Guichard, and P. Pepin. (2017). Signatures of the collapse and incipient 
recovery of an overexploited marine ecosystem. Royal Society Open Science 4: 170215. 

Pepin, P., J. King, C. Holt, H. Gurney-Smith, N. Shackell, K. Hedges, and A. Bundy. (2020). Incorporating 
climate, oceanographic and ecological change considerations into population assessments: a review of 
Fisheries and Oceans Canada’s science advisory process. Canadian Science Advisory Secretariat Science 
Advisory Report 2019/043. Fisheries and Oceans Canada (DFO), Newfoundland, Pacific, Maritimes, Central 
& Arctic Regions. http://publications.gc.ca/collections/collection_2020/mpo-dfo/fs70-5/Fs70-5-2019-043-
eng.pdf 

Perry, A. L., P. J. Low, J. R. Ellis, and J. D. Reynolds. (2005). Climate change and distribution shifts in marine 
fishes. Science 308: 1912. 

Pershing, A. J., M. A. Alexander, C. M. Hernandez, L. A. Kerr, A. Le Bris, K. E. Mills, J. A. Nye, N. R. Record, H. 
A. Scannell, J. D. Scott, G. D. Sherwood, and A. C. Thomas. (2015). Slow adaptation in the face of rapid 
warming leads to collapse of the Gulf of Maine cod fishery. Science 350: 809-812. 

Petrie, B., and P. Yeats. (2000). Annual and interannual variability of nutrients and their estimated fluxes in 
the Scotian Shelf - Gulf of Maine region. Canadian Journal of Fisheries and Aquatic Sciences 57: 2536-2546. 

Pettis, H. M., R. M. Pace, and P. K. Hamilton. (2019). North Atlantic right whale consortium 2019 annual 
report card. North Atlantic Right Whale Consortium, Boston, USA. 
https://www.narwc.org/uploads/1/1/6/6/116623219/2019reportfinal.pdf 

Philp, G., and A. Cohen. (2019). Municipal climate change adaptation and mitigation: from planning to action 
in Nova Scotia. Journal of Environmental Planning and Management 63: 1-19. 

Pinsky, M. L., B. Worm, M. J. Fogarty, J. L. Sarmiento, and S. A. Levin. (2013). Marine taxa track local climate 
velocities. Science 341: 1239-1242. 

Province of Nova Scotia. (1994). Greenhouse Gas Emissions Regulations made under subsection 28(6) and 
Section 112 of the Environment Act. S.N.S. 1994-95, c. 1. Province of Nova Scotia.  

Province of Nova Scotia. (2017). Marine Renewable-energy Act. Chapter 32 of the Acts of 2015. P. o. N. 
Scotia.  



Climate Change Vulnerability | 70 
 

Province of Nova Scotia. (2019a). An Act to achieve Environmental Goals and Sustainable Prosperity. Chapter 
26 Acts of 2019. 2nd Session, 63rd General Assembly Nova Scotia 68 Elizabeth II, 2019. Bill No. 213.  

Province of Nova Scotia. (2019b). Environmental Goals and Sustainable Prosperity (EGSPA). Province of Nova 
Scotia, Canada. https://novascotia.ca/nse/egspa/ 

Province of Nova Scotia. (2019c). Legislation sets ambitious new environmental goals. 
https://novascotia.ca/news/release/?id=20191023003#:~:text=create%20a%20Sustainable%20Communiti
es%20Challenge,green%20economy%20and%20create%20jobs 

Province of Nova Scotia. (2020). Coastal Protection Act. Province of Nova Scotia, Canada. 
https://novascotia.ca/coast/ 

Quinn, B. K. (2017). Threshold temperatures for performance and survival of American lobster larvae: A 
review of current knowledge and implications to modeling impacts of climate change. Fisheries Research 
186: 383-396. 

Quon, A. (2017). A look back at Hurricane Juan 14 years after it tore through Atlantic Canada. Global News, 
Halifax, Nova Scotia. https://globalnews.ca/news/3776504/a-look-back-at-hurricane-juan-14-years-after-
it-tore-through-atlantic-canada/ 

Rabson, M. (2020). Supreme Court reserves judgment in Canada’s carbon tax cases. Global News, Toronto, 
Ontario, Canada. https://globalnews.ca/pages/contact-us/ 

Rakib, M. A., J. Sasaki, S. Pal, M. A. Newaz, M. Bodrud-Doza, and M. A. H. Bhuiyan. (2019). An investigation 
of coastal vulnerability and internal consistency of local perceptions under climate change risk in the 
southwest part of Bangladesh. J Environ Manage 231: 419-428. 

Ramajo, L., N. Marbà, L. Prado, S. Peron, M. A. Lardies, A. B. Rodriguez-Navarro, C. A. Vargas, N. A. Lagos, 
and C. M. Duarte. (2016). Biomineralization changes with food supply confer juvenile scallops (Argopecten 
purpuratus) resistance to ocean acidification. Glob Chang Biol 22: 2025-2037. 

Record, N. R., J. A. Runge, D. E. Pendleton, W. M. Balch, K. T. A. Davies, A. J. Pershing, C. L. Johnson, K. 
Stamieszkin, R. Ji, Z. Feng, S. D. Kraus, R. D. Kenney, C. A. Hudak, C. A. Mayo, C. Chen, J. E. Salisbury, and C. 
R. S. Thompson. (2019). Rapid climate-driven circulation changes threaten conservation of endangered 
North Atlantic right whales. Oceanography 32: 162-169. 

Reid, G. K., H. J. Gurney-Smith, M. Flaherty, A. F. Garber, I. Forster, K. Brewer-Dalton, D. Knowler, D. J. 
Marcogliese, T. Chopin, R. D. Moccia, C. T. Smith, and S. De Silva. (2019a). Climate change and aquaculture: 
considering adaptation potential. Aquaculture Environment Interactions 11: 603-624. 

Reid, G. K., H. J. Gurney-Smith, D. J. Marcogliese, D. Knowler, T. Benfey, A. F. Garber, I. Forster, T. Chopin, K. 
Brewer-Dalton, R. D. Moccia, M. Flaherty, C. T. Smith, and S. De Silva. (2019b). Climate change and 
aquaculture: considering biological response and resources. Aquaculture Environment Interactions 11: 569-
602. 

Remen, M., M. Sievers, T. Torgersen, and F. Oppedal. (2016). The oxygen threshold for maximal feed intake 
of Atlantic salmon post-smolts is highly temperature-dependent. Aquaculture 464: 582-592. 



Climate Change Vulnerability | 71 
 

Rhein, M., S. R. Rintoul, S. Aoki, E. Campos, D. Chambers, R. A. Feely, S. Gulev, G. C. Johnson, S. A. Josey, A. 
Kostianoy, C. Mauritzen, D. Roemmich, L. D. Talley, and F. Wang. (2013). Observations: Ocean. Pages 255-
316 in (Eds) T. F. Stocker, D. Qin, G.-K. Plattner, M. Tignor, S. K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex, 
and P. M. Midgley. Climate change 2013: the physical science basis. Contribution of working group I to the 
fifth assessment report of the Intergovernmental Panel on Climate Change.  

Rheuban, J. E., S. C. Doney, S. R. Cooley, and D. R. Hart. (2018). Projected impacts of future climate change, 
ocean acidification, and management on the US Atlantic sea scallop (Placopecten magellanicus) fishery. Plos 
One 13: e0203536. 

Rheuban, J. E., M. T. Kavanaugh, and S. C. Doney. (2017). Implications of future Northwest Atlantic bottom 
temperatures on the American Lobster (Homarus americanus) fishery. Journal of Geophysical Research: 
Oceans 122: 9387-9398. 

Ribas, D., M. Muñoz, M. Casadevall, and L. Gil de Sola. (2006). How does the northern Mediterranean 
population of Helicolenus dactylopterus dactylopterus resist fishing pressure? Fisheries Research 79: 285-
293. 

Richards, R. A., M. J. Fogarty, D. G. Mountain, and M. H. Taylor. (2012). Climate change and northern shrimp 
recruitment variability in the Gulf of Maine. Marine Ecology Progress Series 464: 167-178. 

Rose, G. A. (2005). On distributional responses of North Atlantic fish to climate change. ICES Journal of 
Marine Science 62: 1360-1374. 

Rufat, S., E. Tate, C. G. Burton, and A. S. Maroof. (2015). Social vulnerability to floods: Review of case studies 
and implications for measurement. International Journal of Disaster Risk Reduction 14: 470-486. 

Saba, V. S., S. M. Griffies, W. G. Anderson, M. Winton, M. A. Alexander, T. L. Delworth, J. A. Hare, M. J. Harrison, 
A. Rosati, G. A. Vecchi, and R. Zhang. (2016). Enhanced warming of the Northwest Atlantic Ocean under 
climate change. Journal of Geophysical Research: Oceans 121: 118-132. 

Sainte-Marie, B., L. Bourassa, D. Chabot, M. Dionne, D. Gilbert, A. Rondeau, and J.-M. Sévigny. (2005). Criteria 
and proposition for the definition of snow crab (Chionoecetes opilio) production units in the Estuary and 
Northern Gulf of St. Lawrence. Canadian Science Advisory Secreteriat (CSAS), Research Document 2005/059. 
Fisheries and Oceans Canada (DFO), Gulf Region.  

Salisbury, J., S. A. Siedlecki, D. Gledhill, M. Alexander, K. Azetsu-Scott, C. Bastidas, D. Brady, D. Brickman, C. 
Hunt, D. Lavoie, K. Liberti, K. McGarry, S. Mesceck, W. Mook, R. Morisson, A. Pershing, J. Scott, D. Townsend, 
D. Vandermark, Z. Wang, and M. White. (2019). Draft Whitepaper report on Ocean Acidification for the Gulf 
of Maine 2050 conference Gulf of Maine 2050 Conference, Portland, Maine, USA. 
https://gulfofmaine.org/public/wp-content/uploads/2020/02/Gulf-of-Maine-2050-Scientific-
Scenario_Coastal-and-Ocean-Acidification.pdf 

SaltWire. (2015). Researchers caution Nova Scotia lobster fishermen on using green crab bait. SaltWire, 
Halifax, Nova Scotia, Canada. https://www.saltwire.com/news/local/researchers-caution-nova-scotia-
lobster-fishermen-on-using-green-crab-bait-38360/ 



Climate Change Vulnerability | 72 
 

Sanders, M. B., T. P. Bean, T. H. Hutchinson, and W. J. F. Le Quesne. (2013). Juvenile king scallop, Pecten 
maximus, is potentially tolerant to low levels of ocean acidification when food is unrestricted. Plos One 8: 
e74118. 

Santos, R., A. Pabon, W. Silva, H. Silva, and M. Pinho. (2020). Population structure and movement patterns 
of blackbelly rosefish in the NE Atlantic Ocean (Azores archipelago). Fisheries Oceanography 29: 227-237. 

Sarkodie, S. A., and V. Strezov. (2019). Economic, social and governance adaptation readiness for mitigation 
of climate change vulnerability: Evidence from 192 countries. Science of the Total Environment 656: 150-
164. 

Saunders, R. L., B. C. Muise, and E. B. Henderson. (1975). Mortality of salmonids cultured at low temperature 
in sea water. Aquaculture 5: 243-252. 

Schirripa, M. J., F. Abascal, I. Andrushchenko, G. Diaz, J. Mejuto, M. Ortiz, M. N. Santos, and J. Walter. (2017). 
A hypothesis of a redistribution of North Atlantic swordfish based on changing ocean conditions. Deep Sea 
Research Part II: Topical Studies in Oceanography 140: 139-150. 

Schlegel, R. W., E. C. J. Oliver, and K. Chen. (2021). Drivers of Marine Heatwaves in the Northwest Atlantic: 
The Role of Air–Sea Interaction During Onset and Decline. Frontiers in Marine Science 8. 

Schmalenbach, I., and F. Buchholz. (2013). Effects of temperature on the moulting and locomotory activity 
of hatchery-reared juvenile lobsters (Homarus gammarus) at Helgoland (North Sea). Marine Biology 
Research 9: 19-26. 

Schmidtko, S., L. Stramma, and M. Visbeck. (2017). Decline in global oceanic oxygen content during the past 
five decades. Nature 542: 335. 

Senneville, S., S. St-Onge, D. Dumont, M.-C. Bihan-Poudec, Z. Belemaalem, M. Corriveau, P. Bernatchez, S. 
Bélanger, S. Tolszczuk-Leclerc, and R. Villeneuve. (2014). Rapport final : Modélisation des glaces dans 
l’estuaire et le golfe du Saint-Laurent dans la perspective des changements climatiques. Report prepared 
by the Institut des sciences de la mer de Rimouski, Université du Québec à Rimouski (UQAR) for the 
ministère des Transports du Québec. http://www.bv.transports.gouv.qc.ca/mono/1147874.pdf 

Shackell, N. L., and K. T. Frank. (2003). Marine fish diversity on the Scotian Shelf, Canada. Aquatic 
Conservation: Marine and Freshwater Ecosystems 13: 305-321. 

Shackell, N. L., D. Ricard, and C. Stortini. (2014). Thermal habitat index of many Northwest Atlantic temperate 
species stays neutral under warming projected for 2030 but changes radically by 2060. Plos One 9: e90662. 

Shephard, S., B. Beukers-Stewart, J. G. Hiddink, A. R. Brand, and M. J. Kaiser. (2010). Strengthening 
recruitment of exploited scallops Pecten maximus with ocean warming. Marine Biology 157: 91-97. 

Shields, J. D. (2019). Climate change enhances disease processes in crustaceans: case studies in lobsters, 
crabs, and shrimps. Journal of Crustacean Biology 39: 673-683. 

Shumway, S. E., H. C. Perkins, D. F. Schick, and A. P. Sticknesy. (1985). Synopsis of biological data on the pink 
shrimp, Pandalus borealis,  Krøyer, 1838. NOAA Technical Report NMFS 30. FAO Fisheries Synopsis No. 144. 
National Oceanographic and Atmospheric Administration (NOAA), USA. 



Climate Change Vulnerability | 73 
 

https://www.researchgate.net/publication/38981093_Synopsis_of_biological_data_on_the_pink_shrimp_Pa
ndalus_borealis_Kroyer_1838_NOAA_Technical_Report_NMFS_30 

Simonovic, S. P., A. Schardong, and D. Sandink. (2017). Mapping extreme rainfall statistics for Canada under 
climate change using updated intensity-duration-frequency curves. Journal of Water Resources Planning 
and Management 143: 04016078. 

Smit, B., and J. Wandel. (2006). Adaptation, adaptive capacity and vulnerability. Global Environmental 
Change 16: 282-292. 

Solomon, S., and M. Manning. (2008). The IPCC must maintain its rigor. Science 319: 1457. 

Soniat, T. M., E. E. Hofmann, J. M. Klinck, and E. N. Powell. (2008). Differential modulation of eastern oyster 
(Crassostrea virginica) disease parasites by the El-Niño-Southern Oscillation and the North Atlantic 
Oscillation. International Journal of Earth Sciences 98: 99. 

Sorochan, K. A., S. Plourde, R. Morse, P. Pepin, J. Runge, C. Thompson, and C. L. Johnson. (2019). North 
Atlantic right whale (Eubalaena glacialis) and its food: (II) interannual variations in biomass of Calanus spp. 
on western North Atlantic shelves. Journal of Plankton Research 41: 687-708. 

Soto, D., J. León-Muñoz, J. Dresdner, C. Luengo, F. J. Tapia, and R. Garreaud. (2019). Salmon farming 
vulnerability to climate change in southern Chile: understanding the biophysical, socioeconomic and 
governance links. Reviews in Aquaculture 11: 354-374. 

Soto, D., L. G. Ross, N. Handisyde, P. B. Bueno, M. C. M. Beveridge, L. Dabbadie, J. Aguilar-Manjarrez, J. Cai, 
and T. Pongthanapanich. (2018). Climate change and aquaculture: vulnerability and adaptation options. 
Pages 465-490 in (Eds) M. Barange, T. Bahri, M. C. M. Beveridge, K. L. Cochrane, S. Funge-Smith, and F. 
Poulain. Impacts of climate change on fisheries and aquaculture. Food and Agricultural Organization (FAO), 
Rome, Italy. 

Sperling, A., J. Neilson, E. Carruthers, and H. H. Stone. (2005). Compilation and analyses of canadian 
conventional tagging data for swordfish (Xiphias gladius), 1961-2004. Collective Volume of Scientific Papers, 
Vol. 84, No. 4, 1483-1494. The International Commission for the Conservation of Atlantic Tuna (ICAAT), . 
https://www.iccat.int/Documents/CVSP/CV058_2005/n_4/CV058041483.pdf 

Staples, K. W., Y. Chen, D. W. Townsend, and D. C. Brady. (2019). Spatiotemporal variability in the phenology 
of the initial intra-annual molt of American lobster (Homarus americanus Milne Edwards, 1837) and its 
relationship with bottom temperatures in a changing Gulf of Maine. Fisheries Oceanography 28: 468-485. 

Steeves, L., and R. Filgueira. (2019). Stakeholder perceptions of climate change in the context of bivalve 
aquaculture. Marine Policy 103: 121-129. 

Steeves, L. E., R. Filgueira, T. Guyondet, J. Chassé, and L. Comeau. (2018). Past, present, and future: 
Performance of two bivalve species under changing environmental conditions. Frontiers in Marine Science: 
DOI: 10.3389/fmars.2018.00184. 

Steneck, R. S., and R. A. Wahle. (2013). American lobster dynamics in a brave new ocean. Canadian Journal 
of Fisheries and Aquatic Sciences 70: 1612-1624. 



Climate Change Vulnerability | 74 
 

Stephenson, R. L., A. J. Benson, K. Brooks, A. Charles, P. Degnbol, C. M. Dichmont, M. Kraan, S. Pascoe, S. D. 
Paul, A. Rindorf, and M. Wiber. (2017). Practical steps toward integrating economic, social and institutional 
elements in fisheries policy and management. ICES Journal of Marine Science 74: 1981-1989. 

Stephenson, R. L., A. J. Hobday, C. Cvitanovic, K. A. Alexander, G. A. Begg, R. H. Bustamante, P. K. Dunstan, 
S. Frusher, M. Fudge, E. A. Fulton, M. Haward, C. Macleod, J. McDonald, K. L. Nash, E. Ogier, G. Pecl, É. E. 
Plagányi, I. van Putten, T. Smith, and T. M. Ward. (2019a). A practical framework for implementing and 
evaluating integrated management of marine activities. Ocean & Coastal Management 177: 127-138. 

Stephenson, R. L., S. Paul, M. Wiber, E. Angel, A. J. Benson, A. Charles, O. Chouinard, M. Clemens, D. Edwards, 
P. Foley, L. Jennings, O. Jones, D. Lane, J. McIsaac, C. Mussells, B. Neis, B. Nordstrom, C. Parlee, E. Pinkerton, 
M. Saunders, K. Squires, and U. R. Sumaila. (2018). Evaluating and implementing social–ecological systems: 
A comprehensive approach to sustainable fisheries. Fish and Fisheries 19: 853-873. 

Stephenson, R. L., K. Rodman, D. G. Aldous, and D. E. Lane. (1999). An in-season approach to management 
under uncertainty: the case of the SW Nova Scotia herring fishery. ICES Journal of Marine Science 56: 1005-
1013. 

Stephenson, R. L., M. Wiber, S. Paul, E. Angel, A. Benson, A. Charles, O. Chouinard, D. Edwards, P. Foley, D. 
Lane, J. McIsaac, B. Neis, C. Parlee, E. Pinkerton, M. Saunders, K. Squires, and U. R. Sumaila. (2019b). 
Integrating diverse objectives for sustainable fisheries in Canada. Canadian Journal of Fisheries and Aquatic 
Sciences 76: 480-496. 

Stewart, J. E. (1980). Diseases. Pages 301-342 in (Eds) J. S. Cobb and B. F. Hillips. The Biology and 
Management of Lobsters. Academic Press, New York, USA. 

Stewart, P. L., and S. H. Arnold. (1994). Environmental requirements of the sea scallop (Placopecten 
magellanicus) in eastern Canada and its response to human impacts. Canadian technical report of fisheries 
and aquatic sciences 2005. Fisheries and Oceans Canada (DFO), Scotia-Fundy region, Bedford Institute of 
Oceanography (BIO), Nova Scotia.  

Stiasny, M. H., F. H. Mittermayer, M. Sswat, R. Voss, F. Jutfelt, M. Chierici, V. Puvanendran, A. Mortensen, T. 
B. H. Reusch, and C. Clemmesen. (2016). Ocean Acidification Effects on Atlantic Cod Larval Survival and 
Recruitment to the Fished Population. Plos One 11: e0155448. 

Stien, A., P. A. Børn, P. A. Heuch, and D. A. Elston. (2005). Population dynamics of salmon lice Lepeophtheirus 
salmonis on Atlantic salmon and sea trout. Marine Ecology Progress Series 290: 263-275. 

Stoll, J. S., E. Fuller, and B. I. Crona. (2017). Uneven adaptive capacity among fishers in a sea of change. Plos 
One 12: e0178266-e0178266. 

Stortini, C. H., D. Chabot, and N. L. Shackell. (2016). Marine species in ambient low-oxygen regions subject 
to double jeopardy impacts of climate change. Global Change Biology 6: 2284-2296. 

Stortini, C. H., N. L. Shackell, P. Tyedmers, and K. Beazley. (2015). Assessing marine species vulnerability to 
projected warming on the Scotian Shelf, Canada. ICES Journal of Marine Science 72: 1731-1743. 



Climate Change Vulnerability | 75 
 

Sustainable Environment Management Office, H. (2011). Public participation vulnerability mapping project, 
Halifax Regional Municipality. https://climatechange.novascotia.ca/sites/default/files/uploads/2010-
2011_HRM.pdf 

Tacon, A. G. J. (2020). Trends in global aquaculture and aquafeed production: 2000–2017. Reviews in 
Fisheries Science & Aquaculture 28: 43-56. 

Takakura, J. y., S. Fujimori, N. Hanasaki, T. Hasegawa, Y. Hirabayashi, Y. Honda, T. Iizumi, N. Kumano, C. Park, 
Z. Shen, K. Takahashi, M. Tamura, M. Tanoue, K. Tsuchida, H. Yokoki, Q. Zhou, T. Oki, and Y. Hijioka. (2019). 
Dependence of economic impacts of climate change on anthropogenically directed pathways. Nature 
Climate Change 9: 737-741. 

Talley, L. D., G. L. Pickard, W. J. Emery, and J. H. Swift. (2011). Atlantic Ocean. Pages 245-301 in (Eds) L. D. 
Talley, G. L. Pickard, W. J. Emery, and J. H. Swift. Descriptive Physical Oceanography (6th Edition). Academic 
Press, Boston, USA. 

Talmage, S. C., and C. J. Gobler. (2011). Effects of elevated temperature and carbon dioxide on the growth 
and survival of larvae and juveniles of three species fo Northwest Atlantic bivalves. Plos One 6: e26941. 

Tanaka, K., and Y. Chen. (2015). Spatiotemporal variability of suitable habitat for American lobster (Homarus 
Americanus) in Long Island Sound. Journal of Shellfish Research 34: 531-543. 

Tanaka, K., and Y. Chen. (2016). Modeling spatiotemporal variability of the bioclimate envelope of Homarus 
americanus in the coastal waters of Maine and New Hampshire. Fisheries Research 177: 137-152. 

Tanaka, K. R., M. P. Torre, V. S. Saba, C. A. Stock, and Y. Chen. (2020). An ensemble high-resolution projection 
of changes in the future habitat of American lobster and sea scallop in the Northeast US continental shelf. 
Diversity and Distributions 26: 987-1001. 

Tande, K. S., T. Rasmussen, and G. Pedersen. (1994). Thermal increase enhancement: a possible link between 
recruitment and climate in high latitude environments. ICES Marine Science Symposium 198: 502-509. 

Tasker, J. P. (2020). Ottawa to hike federal carbon tax to $170 a tonne by 2030. Canada Broadcasting 
Company (CBC), Toronto, Ontario, Canada. https://www.cbc.ca/news/politics/carbon-tax-hike-new-climate-
plan-1.5837709 

Thakur, K. K., C. Revie, H. Stryhn, S. S. Tibbetts, J. Lavallée, R. Vanderstichel, and J. Hutchings. (2017). Risk 
factors associated with soft-shelled lobsters (Homarus americanus) in southwestern Nova Scotia, Canada. 
FACETS 2: 15-33. 

The University of Maine. (2019). Black sea bass. Center for Cooperative Aquaculture Research, The University 
of Maine, USA. https://umaine.edu/cooperative-aquaculture/yellowtail-aquaculture-at-ccar/ 

Thomas, K., R. D. Hardy, H. Lazrus, M. Mendez, B. Orlove, I. Rivera-Collazo, J. T. Roberts, M. Rockman, B. P. 
Warner, and R. Winthrop. (2019). Explaining differential vulnerability to climate change: A social science 
review. Wiley Interdisciplinary Reviews Climate Change 10: e565. 

Thorarensen, H., and A. P. Farrell. (2011). The biological requirements for post-smolt Atlantic salmon in 
closed-containment systems. Aquaculture 312: 1-14. 



Climate Change Vulnerability | 76 
 

Torre, M. P., K. R. Tanaka, and Y. Chen. (2018). A spatiotemporal evaluation of Atlantic sea scallop 
Placopecten magellanicus habitat in the Gulf of Maine using a bioclimate envelope model. Marine and 
Coastal Fisheries 10: 224-235. 

Tremblay, M. (1997). Snow crab (chionoecetes opilio) distribution limits and abundance trends on the 
Scotian Shelf. Journal of Northwest Atlantic Fishery Science 21: 7-22. 

United Nations. (1998). Kyoto Protocol to the United Nations Framework Convention On Climate Change. 
The United Nations (UN). https://unfccc.int/resource/docs/convkp/kpeng.pdf 

United Nations. (2009). Copenhagen Climate Change Conference - December 2009. The United Nations 
(UN). https://unfccc.int/process-and-meetings/conferences/past-conferences/copenhagen-climate-
change-conference-december-2009/copenhagen-climate-change-conference-december-2009 

United Nations. (2015a). The Paris Agreement. The United Nations (UN). 
https://unfccc.int/sites/default/files/english_paris_agreement.pdf 

United Nations. (2015b). What is the United Nations Framework Convention on Climate Change? The United 
Nations (UN). https://unfccc.int/process-and-meetings/the-convention/what-is-the-united-nations-
framework-convention-on-climate-change 

United Nations. (2018). Emissions gap report 2018. The United Nations (UN) Environmemnt Programme. 
https://wedocs.unep.org/bitstream/handle/20.500.11822/26895/EGR2018_FullReport_EN.pdf?sequence=1
&isAllowed=y 

Vercaemer, B., A. McIsaac, and P. Drinnan. (2010). Initiation of a Bras d’Or lake oyster breeding program and 
broodstock management for resistance to MSX. Canadian Technical Report of Fisheries and Aquatic 
Sciences 2871. 

Villarino, E., G. Chust, P. Licandro, M. Butenschön, L. Ibaibarriaga, A. Larrañaga, and X. Irigoien. (2015). 
Modelling the future biogeography of North Atlantic zooplankton communities in response to climate 
change. Marine Ecology Progress Series 531: 121-142. 

Vincent, L. A., X. Zhang, R. D. Brown, Y. Feng, E. Mekis, E. J. Milewska, H. Wan, and X. L. Wang. (2015). 
Observed trends in Canada’s climate and influence of low-frequency variability modes. Journal of Climate 
28: 4545-4560. 

Waddy, S. L., D. E. Aiken, and D. P. V. De Kleijn. (1995). Control of Growth and Reproduction. Pages 217-266 
in (Eds) J. R. Factor. Biology of the Lobster Homarus americanus. Academic Press, San Diego, USA. 

Wahle, R. A., C. Bergeron, J. Tremblay, C. Wilson, V. Burdett-Coutts, M. Comeau, R. Rochette, P. Lawton, R. 
Glenn, and M. Gibson. (2013). The geography and bathymetry of American lobster benthic recruitment as 
measured by diver-based suction sampling and passive collectors. Marine Biology Research 9: 42-58. 

Wahle, R. A., L. Dellinger, S. Olszewski, and P. Jekielek. (2015). American lobster nurseries of southern New 
England receding in the face of climate change. ICES Journal of Marine Science 72: i69-i78. 

Wahle, R. A., M. Gibson, and M. Fogarty. (2009). Distinguishing disease impacts from larval supply effects in 
a lobster fishery collapse. Marine Ecology Progress Series 376: 185-192. 



Climate Change Vulnerability | 77 
 

Waldbusser, G. G., B. Hales, C. J. Langdon, B. A. Haley, P. Schrader, E. L. Brunner, M. W. Gray, C. A. Miller, and 
I. Gimenez. (2015). Saturation-state sensitivity of marine bivalve larvae to ocean acidification. Nature Climate 
Change 5: 273-280. 

Waldbusser, G. G., E. P. Voigt, H. Bergschneider, M. A. Green, and R. I. E. Newell. (2011). Biocalcification in 
the eastern oyster (Crassostrea virginica) in relation to long-term trends in Chesapeake Bay pH. Estuaries 
and Coasts 34: 221-231. 

Waller, J. D., R. A. Wahle, H. McVeigh, and D. M. Fields. (2017). Linking rising pCO2 and temperature to the 
larval development and physiology of the American lobster (Homarus americanus). ICES Journal of Marine 
Science 74: 1210-1219. 

Wang, X. L., Y. Feng, R. Chan, and V. Isaac. (2016). Inter-comparison of extra-tropical cyclone activity in nine 
reanalysis datasets. Atmospheric Research 181: 133-153. 

Wang, X. L., V. R. Swail, and F. W. Zwiers. (2006). Climatology and changes of extratropical cyclone activity: 
comparison of ERA-40 with NCEP–NCAR reanalysis for 1958–2001. Journal of Climate 19: 3145-3166. 

Webster, T., K. McGuigan, K. Collins, and C. MacDonald. (2014). Integrated River and Coastal Hydrodynamic 
Flood Risk Mapping of the LaHave River Estuary and Town of Bridgewater, Nova Scotia, Canada. Water 6: 
517-546. 

Webster, T. L. (2010). Flood Risk Mapping Using LiDAR for Annapolis Royal, Nova Scotia, Canada. Remote 
Sensing 2: 2060-2082. 

White, D. B., D. M. Wyanski, and G. R. Sedberry. (1998). Age, growth, and reproductive biology of the 
blackbelly rosefish from the Carolinas, U.S.A. Journal of Fish Biology 53: 1274-1291. 

White, M. M., D. C. McCorkle, L. S. Mullineaux, and A. L. Cohen. (2013). Early exposure of bay scallops 
(Argopecten irradians Plos One 8: e61065-e61065. 

White, M. M., L. S. Mullineaux, D. C. McCorkle, and A. L. Cohen. (2014). Elevated pCO2 exposure during 
fertilization of the bay scallop Argopecten irradians reduces larval survival but not subsequent shell size. 
Marine Ecology Progress Series 498: 173-186. 

Willick, F. (2019). Cold water kills 10,000 salmon at Cooke fish farm near Liverpool. Canadian Broadcasting 
Corportation (CBC). https://www.cbc.ca/news/canada/nova-scotia/cooke-aquaculture-fish-kill-liverpool-
1.5062704 

Wilson, K. L., M. A. Skinner, and H. K. Lotze. (2019). Projected 21st-century distribution of canopy-forming 
seaweeds in the Northwest Atlantic with climate change. Diversity and Distributions 25: 582-602. 

Wilson, T. J. B., S. R. Cooley, T. C. Tai, W. W. L. Cheung, and P. H. Tyedmers. (2020). Potential socioeconomic 
impacts from ocean acidification and climate change effects on Atlantic Canadian fisheries. Plos One 15: 
e0226544. 

Withers, P. (2021). Canada adds warm-water fish to list of species monitored on East Coast. CBC. 
https://www.cbc.ca/news/canada/nova-scotia/canada-monitors-warm-water-fish-species-1.6056876 



Climate Change Vulnerability | 78 
 

WMO. (2014). Greenhouse Gas Bulletin No. 10. World Meteorological Organization (WMO), Geneva, 
Switzerland. https://public.wmo.int/en/resources/library/wmo-greenhouse-gas-bulletin 

World Bank. (2013). Fish to 2030: Prospects for fisheries and aquaculture. Agriculture and environmental 
services discussion paper. http://www.fao.org/docrep/019/i3640e/i3640e.pdf 

Worm, B., and D. P. Tittensor. (2011). Range contraction in large pelagic predators. Proceedings of the 
National Academy of Sciences 108: 11942. 

Wu, L., W. Cai, L. Zhang, H. Nakamura, A. Timmermann, T. Joyce, M. J. McPhaden, M. Alexander, B. Qiu, M. 
Visbeck, P. Chang, and B. Giese. (2012). Enhanced warming over the global subtropical western boundary 
currents. Nature Climate Change 2: 161-166. 

Xu, X., L. Wang, M. Sun, C. Fu, Y. Bai, C. Li, and L. Zhang. (2020). Climate change vulnerability assessment for 
smallholder farmers in China: An extended framework. Journal of Environmental Management 276: 111315. 

Zhai, L., B. Greenan, J. Hunter, T. James, G. Han, R. Thomson, and P. MacAulay. (2014). Estimating sea-level 
allowances for the coasts of Canada and the adjacent United States using the fifth Assessment Report of 
the IPCC. Fisheries and Oceans Canada.  

Zhang, X., G. Flato, M. Kirchmeier-Young, L. Vincent, H. Wan, X. Wang, R. Rong, J. Fyfe, G. Li, and V. V. Kharin. 
(2019). Changes in temperature and precipitation across Canada. Pages 112-193 in (Eds) E. Bush and D. S. 
Lemmen. Canada’s Changing Climate Report. Government of Canada, Ottawa, Ontario. 

Zisserson, B., and A. Cook. (2017). Impact of bottom water temperature change on the southernmost snow 
crab fishery in the Atlantic Ocean. Fisheries Research 195: 12-18. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



Climate Change Vulnerability | 79 
 

Appendix 1: Canada’s major climate change agreements 

United Nations Framework Convention on Climate Change  
The United Nations Framework Convention on Climate Change (UNFCCC) aims to prevent “dangerous 
human interference” with the climate system, and has been ratified by 197 different countries (United 
Nations 2015b). Some of the most important international agreements to reduce greenhouse gas emissions 
have been made under the UNFCC. However, as this section details, Canada has repeatedly failed to meet 
its emission targets.  

Kyoto Protocol 
In 1998, Canada signed onto the Kyoto Protocol (United Nations 1998), the first international agreement 
that mandated country-by-country greenhouse gas emission reductions. In 2002, Canada ratified its 
participation in the Kyoto Protocol with the objective of reducing Canada’s greenhouse gas emissions by 6 
% below 1990 levels by 2012 (Government of Canada 2005). However, with shifts in governments and 
climate change priorities, no meaningful legislation was implemented during the Kyoto timeframe and 
Canada’s greenhouse gas emissions increased by over 30 % (Curry and McCarthy 2011). In 2011, when the 
greenhouse gas reduction target became unobtainable, and Canada was facing $14 billion in penalties 
under the agreement, it officially withdrew from the Kyoto Protocol (CBC News 2011) 

Copenhagen Accord 
In 2009, Canada signed the Copenhagen Accord at the UN Climate Change Conference (United Nations 
2009), agreeing to reduce greenhouse gas emissions to 17 % below 2005 levels by 2020. However, several 
reports suggest it is unlikely that Canada met this target (Environment Canada 2014, Office of the Auditor 
General of Canada 2018b).  

Paris Agreement 
In 2015, Canada renewed its focus on climate change and took an active role in the development and 
ratification of the United Nations’ Paris Agreement which includes limiting global temperature rise to below 
two 2 °C above pre-industrial levels, and endeavors to create a carbon-free world by 2100 (United Nations 
2015a). However, a report published in 2018 by the United Nations shows that Canada will likely miss its 
2030 Paris Agreement targets by a wide margin (United Nations 2018). Likewise, a report released in March 
2018 by the Federal Environmental Commissioner and Auditor Generals concluded that most provinces are 
not on track to meet their commitments to reducing greenhouse gas emissions (Office of the Auditor 
General of Canada 2018a).   

Federal policies  

Clean Air Act and the Canadian Environmental Protection Act 
The Clean Air Act was established in 2006 and aims to improving the health of Canadians (Parliament of 
Canada 2007). The Act introduced new regulations pursuant to the Canadian Environmental Protection Act 
(Government of Canada 1999) to address air pollutants from certain consumer products and vehicles. Under 
these Acts, the government committed to reducing greenhouse gas emissions by up to 65 % from 2003 
levels by 2050.  
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Pan-Canadian Framework 
After signing the Paris Agreement in 2016, the Canadian Government established the Pan-Canadian 
Framework on Climate Change and Clean Growth which is built on four pillars: (1) pricing carbon pollution; 
(2) complementary actions to reduce emissions; (3) adaptation and climate resilience; and (4) clean 
technology, innovation, and jobs (Government of Canada 2020f). It includes over 50 tangible actions that 
both federal and provincial governments will take to reduce greenhouse gas emissions by 30 % below 2005 
levels by 2030, which is Canada’s targets under the United Nations Paris Agreement.  

The Pan-Canadian Framework introduced a carbon pricing strategy which mandated carbon pricing by all 
provinces and territories by 2018, and committed to phase out coal-fired electricity generation by 2030. 
Through this, the Federal Government introduced a carbon tax of $20 a tonne in 2018 which will increase 
by $10 a year until it reaches $50 in April 2022 (Government of Canada 2019). The price will continue to rise 
by $15 each year starting in 2023 until it hits $170 per tonne in 2030 (Tasker 2020). However, there has been 
minimal support from the provinces since its introduction. Ontario, Alberta and Manitoba took the federal 
government to court in 2019 over the constitutionality of the carbon tax, and are currently appealing the 
decision to the Supreme Court of Canada (Rabson 2020).  

Healthy Environment and a Healthy Economy 
A new climate plan, Healthy Environment and a Healthy Economy, was announced in December 2020 and 
aims, among others, to introduce new measures to reduce greenhouse gas emissions (Government of 
Canada 2020c). 
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Appendix 2: Nova Scotia’s climate change policies  
Nova Scotia has emerged as a leader in delivering energy efficiency programs and for initiating programs 
to help municipalities adapt to the impacts of climate change. This appendix details some of the most 
important of these that have not already been covered by this report.  

Environmental Goals and Sustainable Prosperity Act 
In 2007, Nova Scotia passed the Environmental Goals and Sustainable Prosperity Act which established clear 
goals focused on integrating environmentally sustainability with economic well-being (Minister of 
Environment and Labour 2007). It included 25 goals centred around greenhouse gas reductions, renewable 
energy development, improved air and water quality, and protection of ecosystems. It establishes criteria 
to measure social and economic prosperity along-side environmental sustainability, and details mechanisms 
to help make continuous improvements. It remains the only Act in Canada that links environmental goals 
directly to economic outcomes.  

Most of the goals of the Environmental Goals and Sustainable Prosperity Act have been achieved (Province 
of Nova Scotia 2019b) and were, therefore, replaced with the Sustainable Development Goals Act in 2019 
(Province of Nova Scotia 2019a). This Act sets new goals for climate change and Nova Scotia’s economy 
environment. It also requires Nova Scotia to reduce greenhouse gas emissions by 53 % below 2005 levels 
by 2030 and reach net-zero emissions by 2050. This is currently the most ambitious greenhouse gas 
emission reduction target in Canada.  

Greenhouse Gas Emissions Regulations 
Nova Scotia’s Greenhouse Gas Emissions Regulations set hard, declining caps on greenhouse gas emissions 
from the electricity sector (Province of Nova Scotia 1994). These regulations prompted Nova Scotia Power 
(www.nspower.ca) to plan an affordable transition away from fossil fuels and towards cleaner electricity. In 
2015, Nova Scotia legislated that Nova Scotia Power must invest in energy efficiency when it is the most 
cost-effective option for ratepayer (Climate Change Nova Scotia 2019). Nova Scotia is the only province 
with such a law, but as a result, $35 million per year from electricity rate payers is invested in energy 
efficiency programs in the province.  

Efficiency Nova Scotia (www.efficiencyns.ca) was established in 2011 to deliver energy efficiency programs. 
It is Canada’s first energy efficiency utility. This independent organization aims to deliver regulated energy 
efficiency programs to meet provincial climate change targets. Efficiency Nova Scotia programs help 
homeowners, businesses and communities with energy efficiency upgrades that prevent the release of more 
than one million tonnes of greenhouse gas emissions annually. These programs have also created more 
than 1,400 full-time jobs (Effiency Nova Scotia 2020).   

Marine Renewable Energy Act 
In 2015, Nova Scotia passed the Marine Renewable Energy Act, a legal framework for the development of 
the marine renewable energy industry (Province of Nova Scotia 2017). Nova Scotia's ’Renewable Electricity 
Plan’ sets targets for renewable electricity generation like wind, tidal, biomass, and hydro (Nova Scotia 
Department of Energy 2010). In 2015, Nova Scotia surpassed the provincial target of 25 % of electricity from 
renewables and is projected to reach up to 40 % by the end of 2020 (Climate Change Nova Scotia 2019). 


