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Introduction

In 1883, T. H. Huxley famously stated: “I believe, then, that the cod fishery ... and probably
all the great sea fisheries are inexhaustible: that is to say that nothing we do seriously
affects the number of fish. And any attempt to regulate these fisheries seems ... to be
useless.” Since this time, our understanding of how humans and fishing affect marine
populations has changed considerably, as has our approach to their management and
conservation. Quantitative approaches to fisheries management rooted in population
modelling were developed through the 1940s and serve as the backbone on which current
fisheries management still relies. The original models focused heavily on fishing as the sole
driver of population production and largely neglected the effect of environmental
conditions. Since that time, there has been increasing recognition of the importance of
ecosystem dynamics (1980s), environmental variation, and climate change (1990s) on fish
population dynamics (e.g. Cushing, 1990; Kennedy, 1990; Glantz, 1992). From this
understanding, a range of different approaches to fisheries management now exist that
can evaluate different management strategies for exploited species given past and
projected future environmental and ecosystem conditions. Despite this, the extent to which
fisheries incorporate environmental, ecosystem, or climate considerations into their
management strategies is variable but generally low and may be a contributing factor in
the shortcomings of many fisheries management approaches around the world (Garcia
and Grainger, 1997; Worm et al., 2009; Brander, 2010; Pershing et al., 2015), and associated
fish population collapses (Baum et al., 2003; Myers and Worm, 2003, 2005; Worm et al.,
2009; Hutchings et al., 2010). To date, almost a third (34%) of fish stocks that have been
scientifically assessed are considered overfished (FAO, 2020).

The effects of climate change on marine ecosystems and exploited species are varied but
are projected to increase in magnitude and extent over the next century, posing an
unprecedented risk to food and economic security for billions of people worldwide
(Barange et al., 2010; Hollowed et al., 2013; Poloczanska et al., 2013; IPCC, 2014; Gattuso et
al., 2015; Lotze et al., 2019; Boyce et al., 2020). For example, it has been estimated that
climate change could drive annual global losses in gross revenues of USD $17-41B
annually, with disproportionate effects on developing nations (Sumalia and Cheung, 2010;
Boyce et al., 2020). Such changes are having and will continue to have large effects on the
distribution, yield, and productivity of fishing both in Canada and elsewhere. However,
studies also indicate that management measures can improve fisheries status (Hilborn et
al., 2020) and can offset climate change effects, in some situations compensating for
negative effects and possibly amplifying positive effects (Le Bris et al., 2018). However, the
risks to fisheries posed by climate change will also increase with each passing delay in the
implementation of adaptation measures (Melvin et al., 2016). In consequence, there is an
increased urgency to understand how fisheries can be managed in a climate-smart manner
(Lawler et al., 2010; Pinsky and Mantua, 2014; Gattuso et al., 2015; Busch et al., 2016; Ojea et
al., 2017; Holsman et al., 2019a), and many nations are now incorporating climate change
considerations into the management of their fisheries. For example, the US National
Marine Fisheries Service (NMFS) has developed a Climate Science Strategy to identify steps
to ensure that their ocean management mandate is robust to the uncertainties associated
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with climate change (Busch et al., 2016). Climate change adaptation reports exist for the US
(Gregg et al., 2016), the UK (Defra, 2013), Ireland (Kopke and O'Mahoney, 2011), and other
nations and organizations (Barange et al., 2018). For example, fisheries management in
Australia now includes explicit components that are intended to increase the resilience of
fisheries to climate change (Bryndum-Buchholz, 2020). Canada has a long coastline,
extensive fishing fleets, and a culture that is deeply connected to the ocean. Despite this,
Canada lacks a clear climate change adaptation strategy for its fisheries (but see: Duplisea
et al., 2020; Pepin et al., 2020 for recent developments), and it is unclear to what extent
climate change is being considered in the management of its fisheries. Expert assessments
funded through Canada’s Aquatic Climate Change Adaptation Services Program (ACCASP)
have reported that there is a high probability of significant climate change impacts in all of
Canada’s marine and freshwater basins and that the impacts will generally increase over
time (DFO, 2012a, 2012b). The Arctic has experienced, and is anticipated to continue to
experience, the largest impacts of climate change on living resources, including fisheries
(DFO, 2012a). For example, a recent study projected that unabated climate change might
lead to the extinction of polar bears (Ursus maritimus) in the Arctic by 2100 (Molnar et al.,
2020). Such findings have recently been reinforced by peer-reviewed studies reporting
significant climate-driven changes in marine animal biomass across much of the Canadian
exclusive economic zone (Lotze et al., 2019; Boyce et al., 2020; Bryndum-Buchholz et al.,
2020).

The primary intent of this report is to (1) review the state of Canada's fisheries and the past
and future projected climate change effects on them; (2) review the best tools and
approaches that are currently used to adapt fisheries management to climate change; (3)
evaluate the extent to which climate change and its effects are being considered in the
management of marine fisheries in Atlantic Canada and the Eastern Canadian Arctic,
hereafter referred to as the area of study (AOS), and (4) recommend steps to increase the
robustness of Canadian fisheries management to climate change. The majority of the data
used in this report are publicly available from the sources listed in Table 10.1.

1. The value of healthy and productive fisheries
1.1 Culture and nutrition

The status of marine species and commercial fisheries has critical consequences for the
economy, health, food security, and culture of all Canadians, especially in Atlantic Canada
and the Eastern Arctic. Seafood is essential to the nutritional well-being of many coastal
communities worldwide. Seafood provides the primary source of animal protein for 7% of
the population globally, and the consumption of seafood has increased more rapidly (3.1%
yr'') than all other animal protein (meat, dairy, milk; 2.1% yr"') between 1961 and 2017
(FAO, 2020). In Canada, fisheries provide coastal communities with an important source of
cost-effective and high-quality protein, contributing to dietary health (Lowitt, 2013). In
addition to the importance of energy and macronutrients (e.g. protein), key micronutrients
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such as iron and zinc have been the focus of recent global efforts to address malnutrition,.
Globally, deficiencies of these essential micronutrients are among the leading causes of
malnutrition, with associated adverse effects on early childhood mortality and national
gross domestic product (Hicks et al., 2019). A recent study highlighted the importance of
seafood as a source of these essential micronutrients and suggested that reorienting
fisheries towards a more efficient and equitable distribution of micronutrient consumption
would improve diet and health (Hicks et al., 2019). While the biomass of fisheries yield can
affect the protein supply to coastal communities, the catch composition drives the nutrient
content. Thus, both the biomass and composition of the catch can have strong effects on
nutrition and food security. Since seafood often constitutes a more affordable animal-
based food source for many coastal communities and has a lower environmental impact,
fisheries should be a central component of food and nutrition policies globally and in
Canada.

The nutritional and cultural importance of fisheries is felt across the AOS, but particularly
so for Indigenous communities. Seafood consumption is critically important to Indigenous
communities in Canada, particularly Inuit communities in the Arctic, where it is the main
source of protein (Baum and Fuller, 2016). Indigenous fishing communities that rely on
traditional fisheries for food and economic security are also especially vulnerable to climate
change through a reduced capacity to conduct traditional harvests because of limited
access to or availability of resources (Weatherdon et al., 2016). Such changes to traditional
fisheries could have consequences for the food and economic security of Indigenous
coastal communities, the preservation and transfer of their traditional knowledge, and the
legal upholding of their rights to access traditional resources (Lynn et al., 2013). Such issues
are of special importance to Inuit communities in the Arctic. Inuit are disproportionately
food insecure relative to the rest of Canada. Studies have reported food insecurity
prevalence as high as 68.8% in Nunavut, 45.7% in Nunatsiavut, and 43.3% in the Inuvialuit
Settlement Region (Rosol et al., 2011), compared with the Canadian average of 9.2%
(Canada, 2007). These high levels of food insecurity mean that fish, seafood, and other wild
foods are especially important to the health and well-being of Inuit communities and that
changes in fisheries productivity may have disproportionate effects on Arctic communities.
In addition to increasing nutrition and food security (Lawn and Harvey, 2003; Kuhnlein and
Receveur, 2007), hunting and fishing are an integral part of social cohesion, cultural
identity, and well-being in Inuit communities. Coincidentally, it is in the Arctic that some of
the most rapid warming and associated climate-driven changes are occurring. Climate
change is already impacting the availability and distribution of wild plants and animals, a
trend that is projected to continue over the coming century (Bryndum-Buchholz et al., 2020;
Molnar et al., 2020), with unknown consequences for Inuit communities.

1.2 Economic

The fishing sector is also a major contributor to the Canadian economy, particularly across
Atlantic Canada. Nationally, 300,000 Canadians are employed on or around the oceans, and
ocean-reliant industries contribute over CAD $26B a year to the Canadian economy (Bailey
etal., 2016). Between 2017 and 2018, commercial fishing and aquaculture sectors provided
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an average of ~77,000 direct jobs (Figure 1.1), with fish and seafood exports worth

CAD $6.9B in 2018 (DFO, 2018a). Harvesting accounts for 60% of employment, followed by
processing (36%) and aquaculture (5%; Figure 1.1b). Aquaculture constitutes a larger
fraction of total employment in BC, relative to most other provinces. Harvesting and
processing of fisheries is the largest private sector employer in the AOS and is thus of
disproportionate economic importance there. For example, when standardized by
population, proportional employment in the fishing and aquaculture sectors was notably
higher within Atlantic provinces such as Prince Edward Island (4.5%), Newfoundland and
Labrador (3.3%), Nova Scotia (1.9%), and New Brunswick (1.8%), relative to others.

In 2018, the total landed
volume of Canada'’s fisheries was
784,477 t (live weight),
representing a landed value of

a

Nova Scotia

Newfoundland and Labrador

~CAD $3.7B (Table 1.1). Three- New Brunswick --
quarters (76%) of the total B .

. British Columbia .-
seafood landed in Canada came

from within the AOS, representing auevec { [l
86% of the total value of fisheries Prince Edward Island I.
(Table 1.2). Since 1990, the total

. Ontario
landed volume of seafood in ' II
Canada has declined, a trend that Saskatchewan I Sector
was relatively consistent across Aquaculture

) y Northwest Territories . Harvesting
provinces, except for Quebec, B Frocessin

. Nunavut E

where the decline was less
marked (Figure 1.2). Despite this, 0 500010000 15000 0 1 2 3 4

o Jobs [% of populati
the value of landed fisheries has Jobs obs [% of population]

increased in most provinces
except BC, where it has declined.

Employment in seafood and aquaculture

Figure 1.1 Employment in Canada'’s fisheries.

The trend of increasing value Annual direct employment (a) within Canada’s fisheries and
despite declining volume has aquaculture sectors between 2017 and 2018 by province (b) and
been driven by the expansion of employment as a proportion of the population. (a) Colours depict

invertebrate fisheries and their employment in the seafood sector. Source: (DFO, 2020a)

higher price per unit volume, relative to groundfish or pelagic fishes. For example, in 2018,
invertebrate fisheries accounted for 48% of the total landings in Canada by volume but a
disproportionate fraction (82%) of the total landed value (Table 1.2). These invertebrate
fisheries are driven by lobster, shrimp, crab, and scallop. Lobster accounted for 50%, crab
for 27%, shrimp for 13%, and scallop for 6% of the value of all landed invertebrates across
the AOS in 2018. Greenland and Atlantic halibut are by far the most valuable groundfish in
the AOS, accounting for 29% and 28% of the value of all landed groundfish in 2018 across
the AOS, respectively. Atlantic herring represented the most valuable pelagic fishery in the
AOS and accounted for 40% of the value of all landed pelagic species in the AOS in 2018.
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Table 1.1 Landed value and volume of Canada'’s fisheries in 2018.
Landed values are in 000s of dollars, and volumes are in metric tonnes (t) by live weight. See the table for the
proportions of the total of these values. Source: (DFO, 2020b)

Taxa NS BC Atlantic Canada

Landed value (000 $CAD)

Groundfish 78751 1,443 646 12,710 112,030 204,763 205581 410,344
zilf?sgr:CS' Other 73785 24287 8725 3873 19,522 118,589 130,192 248,781
Shellfish 1,199,987 415023 237,310 325705 645098 175804 2,823,124 2,998,928
Total 1,352,524 440,754 246,682 342,288 776,650 499,155 3,158,897 3,658,053
Groundfish 39,837 151 70 2,694 44,000 141,487 86,752 228,239
:i'f"l"sgr']“ Other 47666 36049 4761 6,158 47,881 36,729 142,516 179,245
Shellfish 156,316 39,499 23,714 36897 107,556 13011 363981 376,993
Total 243,818 75700 28,545 45749 199,437 191227 593,249 784,477

Table 1.2 Proportional landed value and volume of Canada’s fisheries in 2018.
The proportional contribution that the volumes and values of fisheries make to Canada's total. See the table for
the raw values used to calculate the proportions. Source: (DFO, 2020b)

Taxa NS Atlantic

Landed value (% of total)

Groundfish 19 0 0 3 27 50 50
Pelagics, other 10 4 2 8 48 52
finfish

Shellfish 40 14 8 11 22 6 94
Total 37 12 7 9 21 14 86

Landed volume (% of total)

Groundfish 17 0 0 1 19 62 38
Pelagics, other 20 3 3 27 20 80
finfish

Shellfish 41 10 6 10 29 3 97
Total 31 10 4 6 25 24 76
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Figure 1.2 The landed volume and value of Canada’s fisheries
over time.

Points and lines depict the volume (00 t, live weight) and value (00 $CAD) of
landed fisheries among provinces and nationally. Red is the landed value
and blue the volume. Source: (DFO, 2020b)

The export value of fisheries is frequently higher than the landed values (Table 1.1) due to
value-added processing. The fish and seafood sector is driven by exports, combined with
agricultural products, and seafood was the fourth-largest Canadian export category in
2014.1n 2018, 85% of Canadian seafood exports were destined for foreign markets, with
62% of Canada’s landed fish, by value, destined for the United States (CAD $4.27B), 11% to
China (CAD $1.17B), and 10% to the European Union (CAD $0.45B). In 2018, Canada’s
largest exports were lobster (CAD $2.2B), crab species (CAD $1.31B), salmon species

(CAD $1.19B), shrimp (CAD $469M), scallop (CAD $163M), and herring (CAD $136M).
Canada’s most lucrative export species (e.g. lobster, crab, and shrimp/prawn) are driven by

15



growing markets in China. The top exporting province in 2018 was Nova Scotia
(CAD $2.03B).

Globally, Canada has dropped down the rankings of major seafood exporters. While
Canada was the world’s leading seafood exporter in 1987, by 2018 it had dropped to ninth
place (FAO, 2020). This decline is driven by the collapse of the groundfish stocks and
exports and by the increase in aquaculture production by nations such as Chile, Norway,
and Thailand. Notwithstanding this trend, exports continue to be the largest market for
Canadian seafood. In 2018, the total value of aquaculture in Canada was CAD $1.43B,
representing 39% of the total value of landed fisheries. Since 2000, the total production of
aquaculture has increased by a factor of 1.5, while total value has increased by a factor of
2.3". Farmed salmon (family Sa/monidae) account for the vast majority of Canada'’s total
aquaculture production; in 2018, salmon constituted 64% of total aquaculture production
and 78% of the total value.

In addition to the direct value of fisheries harvest and processing, healthy fisheries and
ecosystems support a range of ocean-dependent activities. Healthy marine populations
and ecosystems enhance the value provided by recreation and ecotourism operations such
as sportfishing, wildlife watching, sea kayaking, and scuba diving. Further, healthy fisheries
ensure that the livelihoods of fishers, processors, and other fisheries-dependent workers
remain stable and profitable, benefiting entire communities.

The collapse of Atlantic cod (Gadus morhua) and other groundfish in Newfoundland
(Northwest Atlantic Fisheries Organization [NAFO] Divisions 2J, 3K, 3L) provided a sobering
real-world example of the economic and cultural importance of fisheries in the AOS and
the potential consequences of suboptimal management (Frank et al., 2005, 2011; Hutchings
and Rangeley, 2011). From what was once the largest cod population in the world
(Hutchings and Myers, 1993), cod biomass declined by more than 90% between 1962 and
1992, leading to the abrupt and prolonged closure of the directed fishery (Hutchings and
Rangeley, 2011). Despite optimism that the fishery would rapidly reopen, the recovery has
been slow, and the fishery has been closed for 28 years to date. The collapse and failed
recovery led to a radically modified ecosystem and widespread economic effects. In what
remains the largest layoff in Canadian history outside of the 2020 global pandemic, 35,000-
40,000 people lost their source of livelihood (Hamilton and Butler, 2001; Hamilton et al.,
2004; Mather, 2013). The collapse has had a continued impact on the economy and
demography of the region, with coastal communities in Newfoundland losing over 40% of
their population (Palmer and Sinclair, 1997). In addition to the direct economic
consequences of the cod fishery closure, there were additional costs associated with
subsidizing the fishery throughout the 1980s when it was already in decline. Throughout
the 1980s, the governments of Canada and Newfoundland invested nearly CAD $3B in the
cod fishery, with the value of these investments commonly exceeding 40% of the total
value of cod catch and production (Schrank et al., 1995). The example of the cod illustrates
how management approaches that neglect important drivers of population variability,

' https://www.dfo-mpo.gc.ca/stats/aqua/aqua-prod-eng.htm
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particularly in the current era of accelerating climate change, can cause severe and long-
lasting economic and cultural impacts.

1.3 Ecosystem functioning and service provision

In addition to the direct economic value of fisheries from landed catches, there are many
less tangible but critically important services that healthy fisheries and ecosystems provide.
Healthy, intact, biodiverse populations and ecosystems tend to be more biologically
productive and dynamically stable, imbuing them with a greater ability to withstand
stressors including, for instance, climate change, fishing, and pollution (Hilborn et al., 2003;
Worm et al., 2006; Schindler et al., 2010). Thus, the maintenance of healthy fisheries and
ecosystems increases the likelihood that they will be resistant and resilient to disturbances
and that their associated industries (e.g. fishing, tourism) will remain profitable. For
example, by conducting a manipulative field experiment, Reusch et al. (2005) demonstrated
that higher genetic diversity of the seagrass Zostera marina led to enhanced biomass
production, plant density, and faunal abundance, despite near-lethal water temperatures
due to extreme warming. The effects of genetic diversity were explained by
complementarity and were found to have higher-order effects that were transmitted up
the food web.

Furthermore, surveys from the Northern Line Islands have shown that uninhabited and
unfished reefs show a greater capacity to resist and recover from major episodes of coral
bleaching and disease, compared to those that are fished (Sandin et al., 2008).

Overharvesting of predators, particularly large ones (a process known as trophic
downgrading), can have cascading effects on ecosystems, leading to diverse and
unanticipated impacts on, for instance, disease spread, invasive species, and
biogeochemical cycling (Estes et al., 2011). For example, in Alaska, predation by killer
whales (Orcinus orca) has reduced the abundance of sea otters (Enhydra lutris), leading to
overgrazing by urchins on kelp forests, leading to widespread and disproportionate effects
throughout the ecosystems (Estes et al., 1998; Steneck et al., 2002). There are numerous
examples where overharvesting has led to predator depletions and cascading ecosystem
effects, altering ecosystem functioning and service provision (Frank et al., 2005, 2011; Estes
etal.,, 2011).

Marine ecosystems also regulate the climate through their role as a major carbon (C) sink.
The ocean has absorbed ~48% of all anthropogenic carbon emissions from 1800 to 1994
(Sabine et al., 2004), with marine phytoplankton accounting for almost half of global net
primary production (Field et al., 1998). Coastal vegetated ecosystems such as salt marshes
and seagrass meadows constitute the largest storage of C in the oceans and thus have
disproportionately large roles in the global capture and storage of C (Donato et al., 2011;
Fourqurean et al., 2012). There is also mounting evidence that preserving marine species
and fisheries, particularly large-bodied predators, can significantly contribute to climate
change mitigation through their direct and indirect influence on C cycling and
sequestration (Atwood et al., 2015). The biomass of all marine species is made up of
carbon, and they thus serve as carbon reservoirs throughout their lifespans. Larger and
more long-lived species, such as whales, sequester a greater amount of carbon for a longer
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duration. Upon death, the biomass within carcasses can be transported to the deep ocean,
where they sustain deep-sea ecosystems and become sequestered over long time-scales in
sediments. Marine predators can indirectly influence C cycling in ecosystems systems by
modifying ecosystem structure, grazing rates, and ultimately primary producer and
microbial dynamics. This is particularly true in coastal vegetated systems, which, despite
their relatively small size, are among the largest C sinks in the oceans (Donato et al., 2011;
Fourqurean et al., 2012). For instance, the abundance of tiger sharks (Galeocerdo cuvier) in a
seagrass ecosystem in Australia induced shifts in the foraging behaviour of the dominant
grazers such as dugongs (Dugong dugon) and green turtles (Chelonia mydas), affecting the
biomass of seagrass beds and associated C stocks (Heithaus et al., 2012). On Kiritimati
Island, the reduction of predatory reef fishes through harvesting led to altered patterns of
herbivory and reduced coral cover when compared to neighbouring Jarvis Island, which
had no fishing, larger predator populations, and greater coral cover (Sandin et al., 2008).

1.4 Key points

e Healthy and productive fisheries are integral to the economy, culture, and health of
Canadians, particularly so in the Atlantic and Arctic regions.

e The fishing sector is a major contributor to the Canadian economy, particularly
across Atlantic Canada. Three-quarters (76%) of the total seafood landed in Canada
came from within the AOS, representing 86% of the total value of fisheries in
Canada (Table 1.2).

¢ Fisheries provide coastal communities in Canada with an important source of cost-
effective and high-quality protein, contributing to dietary health.

¢ Indigenous communities, particularly Inuit communities, are disproportionately
food insecure relative to the rest of Canada. Food insecurity can be as high as 68.8%
in Nunavut, 45.7% in Nunatsiavut, and 43.3% in the Inuvialuit Settlement Region
(Rosol et al., 2011), compared to the Canadian average of 9.2%.

¢ The volume of fisheries landings has been declining since 1990, while the value has
been increasing. This pattern has been mostly driven by the expansion of
invertebrate fisheries and the associated higher price per unit volume of
invertebrate species, relative to groundfish or pelagic fishes. In 2018, invertebrate
fisheries constituted 48% of the total landed fisheries by volume but 82% of the
total landed value of all fisheries in Canada (Table 1.2).

e Fisheries in Canada are driven by exports. Canada has dropped in the global
rankings of major seafood exporters. Canada was the world’s leading seafood
exporter in 1987. By 2018, it had dropped to ninth place (FAO, 2020). This decline is
driven by the collapse of the groundfish stocks and exports and by the increase in
aquaculture production by nations such as Chile, Norway, and Thailand.

e Sustainable fisheries can increase the health of marine ecosystems and populations
and ensure that they continue to provide a wide range of critically important but
less tangible services and benefits, such as nutrient cycling, climate regulation,
tourism, and recreation.
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2. Fisheries productivity in Atlantic Canada and the Eastern

Canadian Arctic
2.1 The area of interest

At regional scales (Chassot et al., 2007) and globally (Chassot et al., 2010), marine fisheries
yield is driven by the amount of primary production, 90% of which is generated by
microscopic algae known as phytoplankton (Charpy-Roubaud and Sournia, 1990). In turn,

phytoplankton growth and production are largely a function of the environmental
conditions that drive mixing and upwelling, which in turn affect the amount of sunlight and

nutrients (nitrate, phosphate, silicate) available in the upper ocean (Figure 2.1). The
composition and size of the phytoplankton assemblages can also affect the flow of energy
up the food web, with consequences for fisheries yield. In situations where phytoplankton
assemblages comprise larger cells or species, primary production can be more rapidly and
efficiently transferred up the food web, supporting a greater fraction of animal biomass
(Boyce et al., 2015a). Therefore, to fully understand fisheries dynamics and how factors
such as climate change affect them, it is critical to also consider changes in plankton and

biogeochemical conditions.
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Figure 2.1 Primary production drives fisheries yield.
Fisheries biomass within pelagic (blue), benthic (purple), and deep-sea ecosystems is
constrained by the amount of primary production generated by phytoplankton (green arrows),

which is in turn driven by atmospheric and oceanographic factors (yellow arrows).
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To explore fisheries dynamics in conjunction with the climatological and
biogeographic factors that drive them, the focal area of this report was established
in Atlantic Canada and the Eastern Canadian Arctic according to fisheries
management units and bioregions. The geographic domain of the AOS was defined
according to the NAFO management units within the Canadian exclusive economic
zone (EEZ; subareas 0-4), and the four biogeographic regions defined by the
Fisheries and Oceans Canada (DFO) that overlap with the NAFO units (Figure 2.2).
The NAFO divisions enabled us to explore the dynamics of fisheries, while the
bioregions enabled us to evaluate their relationship to biogeochemical
characteristics. Accordingly, the environment, ecology, and fisheries management
that are discussed throughout this document will primarily be focused on the
Canadian AQS, although the dynamics of adjacent ecosystems (e.g. the Gulf of
Maine) will also be explored.
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2.2 Biogeographic overview

At the broadest scale, the biogeography of Canada’s marine waters has been classified into
12 bioregions by DFO in the national framework for Canada’s proposed network of marine
protected areas (MPAs; DFO, 2009a). These bioregions are defined according to the
geological, physical oceanographic, and biological properties that make them unique
(Longhurst, 2007; Spalding et al., 2007). Four of these bioregions overlap with our focal
areas in Atlantic Canada and the Eastern Canadian Arctic: Eastern Arctic, Newfoundland-
Labrador shelves, Scotian Shelf, and Gulf of St. Lawrence (Figure 2.12a). Collectively these
four bioregions extend from 39°N to 78.1°N, a latitudinal range of 39.1°. The regions are
subject to an exceptionally wide range of oceanographic conditions, including dynamic and
complex tidal cycling and mixing (Figure 2.2b), large temperature variations (Figure 2.2c),
strong and variable seasonal patterns of primary production (Figure 2.2d), and large
terrestrial nutrient inputs via freshwater run-off. The continental shelves along the AOS are
also extensive and contribute to the high productivity there. The Scotian Shelf extends up
to 230 km offshore with an average depth of 90 m. In Newfoundland and Labrador, the
coastal shelf extends roughly 150 km offshore, while the Grand Banks extends up to

480 km offshore, and the depth is between 25 m and 150 m deep.

The Gulf bioregion is commonly described as a semi-enclosed inland sea, with large
freshwater inputs from the St. Lawrence River and warm Atlantic water in the deeper
channels (Bernier et al., 2018). The southern Gulf is dominated by warm shallow waters,
which tend to be highly productive. In contrast, the northern Gulf is dominated by deeper
channels, resulting in lower primary production (Bernier et al., 2018). These large
differences in primary production and bathymetry lead to distinct ecological communities
in the north and south Gulf. Ice cover varies seasonally in the Gulf, with sea ice moving
northward through the Labrador Current over the Newfoundland and Labrador shelves.
The St. Lawrence estuary is dominated by colder freshwater outflow that tends to be well
mixed, leading to higher primary productivity at the mouth of the river (Figure 2.2d).

South of the Gulf, the Scotian Shelf bioregion is primarily influenced by the mixing of the
cold Labrador Current, cool outflowing currents from the Gulf of St. Lawrence, and the
warm Gulf Stream (Figure 2.2b). This bioregion is seasonally ice-free; has higher species
diversity, particularly at its southern extent; and has moderately high levels of primary
production. The biogeographic structure of the shelf has been found to vary with the
seasonal minimum bottom temperature and latitude, with ecological communities south of
44.6°N being distinct from those to the north (Stanley et al., 2018).

To the north, the Newfoundland and Labrador bioregion is strongly influenced by the cool
southward-flowing Labrador Current. As it flows southward along the Labrador shelves, it
meets with the warm northeast-flowing Gulf Stream current, the two mixing to produce
high primary production and productive fishing grounds (Figure 2.2b, d). Seasonal ice cover
can be significant in this bioregion, particularly on the Labrador shelves, where the ice-free
period can be as short as six months (June to November).
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North of the Labrador shelf, the Eastern Arctic bioregion is defined by seasonal ice cover
throughout much of the year and strong seasonal cycles of primary production. The
seasonal cycle of primary production is characterized by a unimodal, high-amplitude peak
in primary production in the summer when day length is long (>20 hours) and vanishingly
low levels of production in winter when day length is short (<4 hours) and ice cover is
extensive. Sea ice is a defining feature of Arctic marine ecosystems and the communities
that rely on them. Sea ice provides habitat that is required for species to reproduce, hunt,
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Figure 2.3 Fisheries are constrained by primary production.

(a) Colour depicts the logio average primary production (2003-2012) across
NAFO management divisions; dark green depicts high and light green low
primary production. (b) Colour depicts the log:g total fisheries yield (1970-2018)
within each NAFO management division per standardized unit area (km?); dark
red depicts high and light red low fishery landings. (c) Log1o relationship
between average primary production and fish landed across NAFO divisions.
The size of the points depicts the size (km?) of each division. Data sources are
listed in Table 10.1
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2.3 Key points

Marine fisheries yield is driven by the amount of primary production, which is a
function of the environmental conditions that affect the amount of sunlight and
nutrients (nitrate, phosphate, silicate) available in the upper ocean, such as mixing,
upwelling, and the associated physical processes that affect them, such as
temperature, wind, and ocean currents (Figure 2.1).

A focal area was established in Atlantic Canada and the Eastern Canadian Arctic
according to fisheries management units and bioregion to explore fisheries
dynamics in conjunction with the climatological and biogeographic factors that drive
them (Figure 2.2a).

Collectively, AOS extends from 39°N to 78.1°N and is subject to an exceptionally
wide range of oceanographic conditions, including dynamic and complex tidal
cycling and mixing (Figure 2.2b), large temperature variations (Figure 2.2c), strong
and variable seasonal patterns of primary production (Figure 2.2d), and large
terrestrial nutrient inputs via freshwater run-off.
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3. Fisheries: status, significant species, and trends
3.1 Overview

Over the past decade, several studies have reviewed the status of Canada’s fisheries from
different perspectives and made recommendations for improvement (Hutchings et al.,
2012; Bailey et al., 2016; Baum and Fuller, 2016). A 2012 report by the Royal Society of
Canada Expert Panel, Sustaining Canadian Marine Biodiversity: Responding to the Challenges
Posed by Climate Change, Fisheries, and Aquaculture, assessed the status of Canada’s
fisheries management. The report concluded that the status of Canada’s marine fish stocks
is among the worst in the world and that when compared with similar industrialized
nations, Canada was lagging in the incorporation of ecosystem indicators into scientific
guidance (Coté et al., 2012). The study presented a multispecies abundance index derived
from 40 population of commercial fishes, which suggested that Canadian fish populations
collectively have declined by 52% between 1970 and 2006. The analysis also reported that
28 of the 29 populations for which estimates were available were below biomass removals
to achieve maximum sustainable yield (BMSY).

In 2016, Oceana produced a report evaluating the status and recovery potential for
Canada’s fisheries and had undertaken annual audits of the Canadian fishery from 2017 to
2020. The 2016 report highlighted Canada’s relatively strong legal and policy instruments
for fisheries management but also concluded that it had largely failed to effectively use
these instruments to prevent overfishing and ensure recovery. The report implicated a
long-standing lack of political will in using the existing management tools as a causal factor
for the collapses and failed recoveries of many of Canada’s fisheries. The 2019 Oceana
audit of Canada'’s fisheries reviewed the status of 194 fish stocks and reported that 17%

(n =33) were in a critical state, 29% (n = 57) were healthy, but most (38%; n = 74) had
insufficient information to assess their status. While ten stocks were at greater risk in 2019
relative to 2018, only two were at reduced risk. The report also stated that only 46% of
stocks have upper stock reference points that are required for the establishment of stock
rebuilding plans, and that only 18% of critical stocks had rebuilding plans in place. Also, in
2016, Bailey et al. (2016) reviewed the policy and management of Canada’s ocean resources
and concluded that it had deviated substantially from marine science. The study found that
the capacity of the Canadian government to undertake and communicate ocean science
had deteriorated, a situation that poses a serious threat to oceans public policy in Canada.
This study and others have highlighted the strong fisheries and oceans law and policy tools
but also the long-standing lack of political will to implement them, which have critical
consequences for the status of Canadian fisheries (Hutchings et al., 2012; Bailey et al., 2016;
Baum and Fuller, 2016).

Collectively, these existing reports have described in detail the declining status of many of
Canada’s fisheries, identified contributing factors, and suggested approaches to improving
their health. This chapter builds on these reports and uses the most up-to-date data to
summarize the major fisheries in the AOS and evaluate their current status. This was
achieved through the use of officially reported NAFO fishery landings, DFO stock
assessments from the RAM Legacy Stock Assessment Database (Ricard et al., 2012; RAM
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Legacy Stock Assessment Database, 2018), Committee on the Status of Endangered Wildlife
in Canada status reports, and the DFO Sustainability Survey for Fisheries.

3.1.1 Major species

The NAFO landings database contains recorded fishery landings for all commercially
harvested marine species within the NAFO regulatory areas since the 1960s. Since 1970,
Atlantic herring and cod have together accounted for 44% of all fishery landings in the AOS
(Figure 3.1). Additional important commercially harvested species include groundfish
predators such as redfishes, American plaice, Greenland halibut, pollock, and haddock;
forage species such as mackerel and capelin; and invertebrates such as queen crab,
northern prawn, American lobster, and sea scallop. On a species-by-area basis, the largest
landings have been of Atlantic herring in Division 4VWX (the western Scotian Shelf and Bay
of Fundy), a stock that is under a rebuilding plan (DFO. and DFO, 2015; Boyce et al., 2019).
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Figure 3.1 Officially reported commercial landings by species, bioregion, and NAFO division.
Shaded bars depict the total reported commercial landings of the 25 top species by NAFO division (indicated
by colour) between 1970 and 2018. Purple = Eastern Arctic, green = Gulf of St. Lawrence,

blue = Newfoundland and Labrador, and orange = Scotian Shelf and Bay of Fundy. Species on the y-axis are
organized by trophic level (T.L.), with high T.L. species in the upper axis and low T.L. species on the lower.
Data sources are listed in Table 10.1.
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The abundance and socio-economic importance of these species have also shifted over
time. Large groundfish species such as Atlantic cod accounted for the majority of all
landings before several populations collapsed in the early 1990s, leading to fisheries
closures (Figure 3.2). The decline of Atlantic cod was particularly drastic, with the reduction
of 2 million tonnes between 1960 and 1990 estimated to have been the greatest decline of
any vertebrate in Canadian history (Hutchings and Rangeley, 2011), and from which it has
yet to recover. Since the groundfish decline in the early 1990s, forage fishes and
particularly invertebrates became of greater importance and constituted the majority of all
fishery landings. Invertebrates now make up 65% of Atlantic Canadian fisheries landings,
with lobster, shrimp, crab, and scallop being the most valuable (Baum and Fuller, 2016).
Groundfish now account for only 12% of landings, with Greenland halibut (turbot) being
Atlantic Canada's most lucrative groundfish fishery. Despite the documented overfishing of
groundfish, in particular, the cumulative value of Canadian fisheries is at a record high due
to the high value of the invertebrate fisheries (Baum and Fuller, 2016). For example, in
2018, invertebrate fisheries accounted for 48% of the total landings in Canada by volume,
but 82% of the total landed value (Table 1.2), of which half was lobster. The
disproportionate value of a few invertebrate species (e.g. lobster) could render the
economic productivity fisheries in the AOS more vulnerable and less resilient to climate or
ecosystem disruptions (Steneck et al., 2011). However, it has been hypothesized that the
marine ecosystems in the AOS are transitioning back to their pre-1990s state, in which
groundfish was the focus of the fishery, with forage species and invertebrates being of
lesser importance (Frank et al., 2011).
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Figure 3.2 Officially reported commercial landings by species, functional group and year

across the AOS.

Shaded bars depict the total reported commercial landings of the 35 top species by their functional group

(indicated by colour) between 1970 and 2018. Orange depicts high trophic level (T.L.), green mid-T.L., and

purple low T.L. species. Data sources are listed in Table 10.1.
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3.1.2 Stock assessments

Fisheries assessments often represent the most detailed evaluations of the population
dynamics of exploited marine species on which management decisions are made.
Population models are typically applied to the most up-to-date data available to estimate
time trends in the abundance and/or biomass of reproductive adults as well as recruitment
rates and other key population parameters. Such assessments are data intensive and
require information on fisheries landings as well as biological information on growth,
maturity, mortality, size and demography, and stock-recruitment relationships (Hilborn and
Walters, 1992). Time trends in abundance or biomass or commercially exploited marine
fish and invertebrates within the AOS were explored using the RAM Legacy Stock
Assessment Database (RAM database, described in Ricard et al. (2012)). The RAM database
is a global open-source compilation of 1372 stock assessments. From the full database, 84
stocks were identified that were within the AOS and 47 that also contained time-series of
abundance (spawning stock biomass [SSB], total biomass, or numbers; Table 3.1). The
majority of the 47 assessments were available in the Scotian Shelf bioregion (62%), with
fewer available in the Gulf (25%) or Newfoundland and Labrador (13%) regions. There were
a greater number of high trophic level species that were assessed (15), relative to medium
(2) or low (3) trophic levels. Despite this, the total number of stock assessments was
actually less for high (26%) than for medium (38%) or low trophic level species (37%). Most
of the 47 assessments contained estimates of fisheries landings (73%) with lower
proportions containing time-series of SSB (33%), numbers (31%), total biomass (41%),
recruitment (29%), or fishing (20%).

Table 3.1 Stock assessments across the AOS.

Inventory of stock assessments and associated time-series availability for species within the RAM database and
across the AOS. Checks (v') identify stocks where time-series are available and dashes (-) where they are not.
For regions, S.S.: Scotian Shelf, NL: Newfoundland and Labrador, GSL: Gulf of St. Lawrence. The year denotes
the most recent year of data in the assessment within the RAM database. SSB: spawning stock biomass, TB:
Total biomass, TN: Abundance, R: Recruitment, F: Fishing mortality, T.C.: Total catch, T.L.: Total landings. Totals
are the number of stocks that contain time-series. Data source is listed in Table 10.1.

Species Trophic Region Year Stock ID SSB TB TN R F TC T.L.
Atlantic High ss. 2014 ATHALINOPS&VWXSZc v v v v v - v
halibut
Atlantic cod High NL 2014  COD3Ps - oo - v 4
Atlantic cod High GSL 2015 COD4TVn v 2 v
Atlantic cod High S.S. 2014  COD2J3KL v v v v o - v 4
Atlantic cod High S.S. 2015 COD3Pn4RS v v v v v . 4
Atlantic cod High S.S. 2002 COD4VsW v - - - -V -
Atlantic cod High S.S. 2009 COD4X5Yb v - v - v - v
Atlantic cod High S.S. 2015 CODS5Zjm v - v o v v v v
Greenland High GsL 2015  GHALARST A
halibut
Haddock High S.S. 2014  HAD4X5Y v v - - - v v
Monkfish High S.S. 2000 MONK2J3KLNOPs - v - - - - v
Pollock High NL 2013  POLL3Ps - - - - - - 4
Pollock High S.S. 2011 POLL4AVWX - - - - - - v
Porbeagle High S.S. 2014 PORSHARATL A
shark
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Deep-water

i 8 o v o o - v -
cedfish High 5.S. 2010  REDDEEP2J3K-3LNO
Deepwater  igh 5. 2010 REDDEEPUTI2 A A
redfish
Spiny dogfish  High S.S. 2013  SDOG4VWX5 v - 7 == -
Silver hake High S.S. 2015 SHAKE4VWX AN A AL
Thorny skate  High GSL 2010  TSKA4T - - - - -7 v
White hake High GSL 2013 WHAKEA4T v Y v v .Y
White hake High S.S. 2013 WHAKE4RS - = = - - = 7
White hake High 5.S. 2005  WHAKE4VWX5 - - - - - - Y
Acadian Med NL 2010  ACADRED2J3K A
redfish
Acadian Med NL 2010  ACADRED3LNO-UT12 - Y- - - Y
redfish
Acadian Med NL 2010  ACADREDUT3 - 7 = = = 7 s
redfish
American Med NL 2012 AMPL23K A A A A
plaice
American Med NL 2013 AMPL3Ps A e
plaice
American Med GsL 2012 AMPL4T A A A A
plaice
American Med 5. 2010 AMPLAVWX v
plaice
Capelin Med GSL 2012 CAPE4RST - - - - -
Cusk Med S.S. 2007  CUSK4X S A -
Herring Med GSL 2003  HERR4RFA A A A A
Herring Med GSL 2004  HERR4RSP A A N AN A A
Herring Med GSL 2014  HERRATFA v v v v v v -
Herring Med GSL 2014  HERRA4TSP 7 7 7 7 T T e
Herring Med S.S. 2010  HERR4S - - - v
Herring Med S.S. 2012 HERR4VWX v Y v Y v - Y
Herring Med S.S. 2014  HERRNFLDESC - - - - - v
American Med GsL 2011  LOBSTERLFA23-26AB S
lobster
American Med 5.S. 2011  LOBSTERLFA15-18 - - - s - Y
lobster
American Med ss. 2011 LOBSTERLFA19-21 S
lobster
American Med 5. 2011 LOBSTERLFA22 S
lobster
American Med ss. 2010 LOBSTERLFA27-33 S
lobster
American Med ss. 2012 LOBSTERLFA3-14 S
lobster
American Med ss. 2012 LOBSTERLFA34 S
lobster
American Med ss. 2012 LOBSTERLFA35-38 S
lobster
American Med ss. 2011  LOBSTERLFA41 S
lobster
Mackerel Med SSNL 2014 MACKNWATLSA3-4 o v -
Redfish Med 5. 2000 REDFISHSPP3PRARSTVR - - - - - -
species
Smooth skate  Med NL 2012 SMOOTHSKA2J3K S A
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Smooth skate Med GSL 2010 SMOOTHSKAA4T - - - - - 4 4

Winter Med GsL 2012 WINFLOUNAT N Y
flounder
Witch Med NL 2013 WITFLOUN3Ps Sy
flounder
Witch Med GSL 2011 WITFLOUN4RST oo Ly
flounder
Arctic Low GSL 2014  ARCSURFARST Sy
surfclam
Arctic Low ss 2010  ARCSURFBANQ e
surfclam
Arctic Low ss 2010  ARCSURFGB Sy
surfclam
Arctic Low ss 2011 ARCSURFQCW S Ly
surfclam
Green sea Low GSL 2011 GURCH4RST Sy
urchin
Northern

. Low GSL 2012 PANDAL4RST - v - - v v v
shrimp
Northern Low 5.S. 2012 PANDALSFA13-15 v v
shrimp
Northern

. Low S.S. 2015 PANDALSFA2-3 v v - - - v -
shrimp
Northern Low 5.S. 2012  PANDALSFA4 v v v v v
shrimp
Northern Low 5.S. 2012 PANDALSFAS v v v v v
shrimp
Northern Low 5.S. 2012 PANDALSFA6 v v v v v
shrimp
Rock crab Low GSL 2010 ROCKCRABLFA23-26 - - - - - - v
Rock crab Low S.S. 2012  ROCKCRABQCW - - - - = 5 v
Sea scallop Low NL 2010  SCALL3Ps - - - - - - v
Sea scallop Low GSL 2014  SCALLAT - - - = = 5 v
Sea scallop Low S.S. 2014  SCALLGB - v - v - - v
Sea scallop Low S.S. 2011  SCALLNBB - v . - - v -
Sea scallop Low S.S. 2012  SCALLSFA16-20 - - - - - - v
Sea scallop Low S.S. 2010  SCALLSPA1-6 - - = . - - v
Sea scallop Low S.S. 2011 SCALLWSFA29 - - - - v - v
Snow crab Low NL 2013 SNOWCRAB3Ps - 4 v v - o 4
Snow crab Low GSL 2014  SNOWCRABSGSL - 4 - v - - v
Snow crab Low S.S. 2013  SNOWCRAB2H] - - v = = = v
Snow crab Low S.S. 2013 SNOWCRAB3K - 4 v v oo - v
Snow crab Low S.S. 2013  SNOWCRAB3LNO - - v = = o v
Snow crab Low S.S. 2013  SNOWCRAB4R3Pn - - v - - - v
Snow crab Low S.S. 2011 SNOWCRABSCMA12-17 - = = = - - v
Softshell clam  Low SS 2010  SSCLAMQCW - - - - - - v
Aesop shrimp  Low S.S. 2010  STRSHRIMPSFA2-3 - - = . - v -
Waved whelk  Low S.S. 2011 WWHELKQCW - - - - - - v

Total 28 35 26 25 17 33 62

To compare time-series of abundance that were available in different units, each of the 47
time-series of stock abundance was standardized to common units of percentage of the
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series maximum (%). Trends in population abundance for different species across the AOS
were variable, with many stocks exhibiting large and/or frequent fluctuations in abundance
over time (Figure 3.3). For each individual stock, the total standardized change in
abundance over the series length was estimated using linear models. For each species, the
average of these estimated changes was calculated across all stocks (all regions). This
approach yields approximate, but not exact, estimates of the magnitude of abundance
change over time for each stock and species, as neither the nonlinearity of many trends
nor the temporal autocorrelation in the series was accounted for, both of which could
affect the magnitude and statistical significance of the time trends (Pyper and Peterman,
1998). Notwithstanding the fluctuations in abundance for many series, declining
abundance trends were apparent for most large predator species, including American
plaice (-63%), Atlantic cod (-46%), cusk (-86%), deep-water redfish (-35%), Greenland
halibut (—-92%), porbeagle shark (-56%), spiny dogfish (—45%), white hake (-95), winter
flounder (-39%) and witch flounder (-76). Likewise, increasing trends were evident for low
trophic level species, including northern shrimp (41%) and sea scallop (35%), despite the
short length of their abundance time-series.
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Figure 3.3 Stock assessment time trends within the AOS.
Time trends in estimated SSB (solid lines) and biomass (dashed lines) for all exploited species within the RAM
stock assessment database located within the AOS. The bioregion and geographic identifier of the stocks are
depicted in colours: Purple = Eastern Arctic, green = Gulf of St. Lawrence, blue = Newfoundland and
Labrador, and orange = Scotian Shelf and Bay of Fundy. All time-series were standardized to units of
percentage (%) of the time-series maximum. Lines are estimated from loess models (span = 0.25). Data
sources are listed in Table 10.1.
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3.1.3 Sustainability survey for fisheries

The Sustainability Survey for Fisheries is conducted annually as part of the DFO Sustainable
Fisheries Framework. Upon completion of the fishing season, DFO scientists and managers
complete the survey for the stocks in their regions, and the results are made publicly
available. The 2018 survey was used, which is the most recent available and contains
information for 179 Canadian stocks that were selected based on their economic,
ecological, and cultural importance. The stocks are aggregated into seven species groups
and seven geographic regions. The status of each stock is assigned to one of four
categories by placing the estimated stock biomass level within the precautionary approach
framework (DFO, 2009b). Stocks are classified as critical, cautious, healthy, or uncertain. A
stock is categorized as critical if its mature biomass is less than the limit reference point
(LRP), which is 40% of the BMSY. A stock is classified as cautious if its mature biomass is
higher than the LRP but lower than the upper stock limit (USL), which is 80% of BMSY. A
stock is classified as healthy if its mature biomass is above the USL. Two stocks that were
freshwater species were removed, yielding 177 stocks.

Nationally, 113 of the 177 (64%) marine stocks were inside the AOS. Of these, almost half
(44%) were classified as uncertain, 22% as cautious/critical, and only 34% as healthy. For
stocks outside the AOS, the proportions of cautious/critical and healthy stocks were similar
(28 and 38%, respectively), but the uncertainty in stock status tended to be lower (34%)
than those in the AOS (44%). Removing marine mammals from the analysis (n = 19) yielded
similar results, with the proportion of healthy stocks increasing (43%) and the proportion of
uncertain stocks declining (27%) outside the AOS.

There was considerable regional variability in the status of the stocks within the AOS
(Figure 3.4a). Only 15% of the populations in the Gulf region were healthy, whereas 69%
were categorized as cautious or critical. Two regions in the AOS, Newfoundland and
Labrador and the Eastern Arctic, had the most negative outcomes, with generally low
proportions of healthy stocks (19-25%) and high degrees of uncertainty (58-75%). Of the
four regions within the AOS, stocks within the Maritimes had the best outcomes, with 55%
of stocks classified as healthy, and a relatively low degree of uncertainty (23%).

Within the AOS, there was also considerable variability in population status across species
groups (Figure 3.4b). The proportion of stocks classified as healthy was generally low (0-
58%), and uncertainty was medium to high (31-100%). Groundfish, small pelagic species,
and salmonids, constituting most of the marine fishes, had a low proportion of healthy
populations (0-28%), a higher proportion of cautious/critical stocks (33-46%), and a mid-to-
high degree of uncertainty (31-67%). Stocks of crustaceans and molluscs, constituting the
invertebrates, along with large pelagic species, were generally healthier (50-58%). Stock
status was uncertain for most species groups but was especially so for marine mammals,
for which three-quarters (73%) were classified as uncertain.
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Figure 3.4 Sustainability survey of Canadian fisheries.
Points and shading depict the proportion of exploited populations
classified as healthy, cautious or critical, or uncertain by region (a)
and species group (b). Points in the bottom left have a high
proportion of cautious/critical stocks, in the bottom right have a high
percentage of uncertain stocks, and in the upper corner have a high
proportion of healthy stocks. The size of the symbol depicts the
number of stocks in the region (a) or species group (b). Shading
shows the kernel density of the distributions. Data source listed in
Table 10.1.
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3.2 Key points

® Previous reports have described the declining status of many of Canada’s fisheries
(Hutchings et al., 2012; Bailey et al., 2016; Baum and Fuller, 2016).

¢ Inthe AOS, Atlantic herring and cod together account for 44% of all fishery landings
since 1970 (Figure 3.1).

¢ The largest landings by area in the AOS have been of Atlantic herring in division 4X
(the western Scotian Shelf and Bay of Fundy), a stock for which there is currently
serious concern and which is under a rebuilding plan.

¢ Following the groundfish collapse in the early 1990s, forage fishes and invertebrates
became of greater importance and constituted the majority of all fishery landings.
Invertebrates now make up 65% of Atlantic Canadian fisheries landings, with
lobster, shrimp, crab, and scallop being the most valuable, while groundfish make
up 12%.

¢ Ecosystems in the AOS may be transitioning back to their pre-1990s state, in which
groundfish was the dominant group (Frank et al., 2011).

¢ Fishery stock assessments suggest declining abundance trends for most large
predator species including American plaice (-63%), Atlantic cod (—46%), cusk (—86%),
deep-water redfish (-35%), Greenland halibut (-92%), porbeagle shark (-56%), spiny
dogfish (-45%), white hake (-95), winter flounder (-39%), and witch flounder (-76).
Increasing trends were evident for low trophic level species, including northern
shrimp (41%) and sea scallop (35%).

¢ The Sustainability Survey for Fisheries suggests that nationally, almost half (44%) of
stocks within the AOS were classified as uncertain, 22% as cautious/critical, and only
34% as healthy (Figure 3.4a). Only 15% of the populations in the Gulf region were
healthy, whereas 69% were categorized as cautious or critical. Newfoundland and
Labrador and the Eastern Arctic had low proportions of healthy stocks (19-25%) and
high degrees of uncertainty (58-75%). Stocks within the Maritimes had 55% of stocks
classified as healthy and a relatively low degree of uncertainty (23%).
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4. Observed climate effects on marine ecosystems and
fisheries in Canada
4.1 Overview of climate effects on marine ecosystems

The biological impacts of climate change have now been documented across every
ecosystem on Earth, affecting processes that scale from genes to entire ecosystems
(Scheffers et al., 2016). The multitude of climate change effects on marine species can be
and have been initiated by shifts in the physical environment, including pH, oxygen, ice,
ocean currents, precipitation, insolation, wind, freshwater fluxes, and temperature. In turn,
these physical changes can directly or indirectly instigate tremendously varied, complex,
and synergistic effects on marine species (Table 4.1). Direct climate impacts are transmitted
via single pathways and include physiological effects that can be manifest as changing
mortality, fecundity, energy use, spatial distribution, phenology, size structure, and
demography. Indirect effects occur through second-order pathways and can include
changing nutrient cycles and primary productivity; trophic interactions; habitat; and
disease, parasitic, and viral transmissions. In nearshore areas, the climate-driven
transformation of coastlines (e.g. erosion) and habitats by changing sea levels and storms
can also affect species indirectly. Notwithstanding these varied pathways and effects, the
most common and prominently documented response from fish stocks have been changes
in distribution (Nye et al., 2009, 2011; Cheung et al., 2010; Pinsky et al., 2013; MacKenzie et
al., 2014), phenology (Poloczanska et al., 2013, 2016; Asch, 2015), and productivity (Cheung
et al,, 2010, 2012; Britten et al., 2016, 2017; Free et al., 2019).

Fisheries will also be affected by climate-driven changes in key processes such as growth
and recruitment. For example, it is expected that lower oxygen, warming, and associated
changes in metabolism will lead to reductions in fish size (Shackell et al., 2010; Cheung et
al., 2012) and associated reproductive output (Barneche et al., 2018). Climate change is
expected to amplify the variability, frequency, and intensity of fluctuations in critical fish life
cycle events, in particular for pelagic stocks (Chavez et al., 2003; Barange and Perry, 2009).
Broadly, climate change is expected to increase fisheries catch potential in higher latitudes
and to decrease in tropical regions due to the poleward redistribution of fish stocks in the
northern hemisphere (Cheung et al., 2010; Lotze et al., 2019; Boyce et al., 2020; Bryndum-
Buchholz et al., 2020). However, there is still significant uncertainty in projecting climate
effects on fisheries (Cheung et al., 2016b) and fisheries performance (Brander, 2007),
particularly in the Arctic (Lotze et al., 2019; Niemi et al., 2019; Boyce et al., 2020; Bryndum-
Buchholz et al., 2020). In short, climate change is affecting fisheries through a network of
complex pathways, making any understanding of its effects on any particular species at
specific locations highly challenging. Due to this complexity and existing knowledge gaps,
the consequences of continued climate change for marine population or ecosystem
productivity in Canada are largely unresolved (DFO, 2012a; Niemi et al., 2019).

This chapter will provide a review of the climate change effects that have been observed
thus far globally and across the AOS with an emphasis on common responses. Time trends
in climate change indicators will be explored, focusing on those that are available in
standardized units, at synoptic spatial scales, and over time-scales that are climate
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Phenomenon

Growth,
metabolism,
condition, body

size

relevant. A critically important factor in evaluating climate change effects is the time-scales
at which they are evaluated. Decadal and multi-decadal ocean basin-scale climate
variabilities, such as the Atlantic Multi-decadal Oscillation and North Atlantic Oscillation,
can create the appearance of short-term increasing or declining trends when they are, in
fact, part of longer-term oscillations (Boyce et al., 2010; Drinkwater and Kristiansen, 2018).
For example, studies have found that continuous time-series of ~40 years are required to
separate climate-driven phytoplankton changes from such natural variability (Henson et al.,
2010; Beaulieu et al., 2013), although series of at least ~20 years have been suggested for
the Canadian Arctic (Niemi et al., 2019). This is particularly relevant for the Northwest
Atlantic, which is one of the most dynamic regions of the global ocean, exhibiting large
natural variability, making detection and attribution of climate change especially
challenging (Hurrell et al., 2006; Delworth et al., 2016). To avoid erroneously attributing
short-term changes to climate effects, the focus of this report will be on indicators of
climate change that are publicly available over climate-relevant time periods (>40 years).
These criteria mean that not all climate-relevant information can or will be directly

evaluated.

Table 4.1 Biological responses to key climate change variables.
Table was adapted from Mora et al. (2013a).

Warming

Due to
temperature-
dependent
metabolism (Clarke
and Johnston, 1999),
warming should
reduce growth and
size (Hunt and Roy,
2006; Sheridan and
Bickford, 2011;
Cheung et al.,
2013a), all else
being equal. In
some cold regions,
warming could
enhance individual
growth (Drinkwater,
2005).

Acidification

Acidification may
reduce
skeletogenesis
(Byrne, 2011;
Manno et al., 2012)
and increase
metabolic costs of
calcification (Wood
et al., 2008),
although some taxa
are resistant
(Kroeker et al., 2010)
and some plants
may benefit
(Riebesell et al.,
2007) (but see (Hall-
Spenceretal.,
2008)). COz can
increase in the
blood, reducing
growth (Michaelidis
et al., 2005;
Poertner, 2008;
Barton et al., 2012).
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Hypoxia should
reduce growth and
body size (Levin,
2003; Poertner and
Knust, 2007;
Daufresne et al.,
2009). Oxygen
concentration also
affects the
calcification rates of
corals (Wijgerde et
al., 2012).

Primary production

Growth and body size
decline with lowered
productivity (Schmidt
etal., 2004;
Kaariainen and Bett,
2006; Rex et al., 2006;
Darling and Cote,
2008; Ruhl et dl.,
2008; Smith et al.,
2008). Changes in life
history strategies of
abyssal macrofauna
may be driven by
changes in surface
productivity (Wigham
et al., 2003; Boyce
and Worm, 2015).



Survival and
abundance

Thermal tolerance
limits could be
exceeded by
warming leading to
excessive mortality
(Mora and Ospina,
2001, 2002; McClain
etal., 2012; Pinsky et
al., 2019; Trisos et
al., 2020), especially
if interacting with
other stressors
(Vagquer-Sunyer and
Duarte, 2011).
Warming reduces
abundance (McClain
etal., 2012; Kelmo
and Hallock, 2013;
Koch et al., 2013;
Syamsuddin et al.,
2013) and may
enhance disease
prevalence (Cerrano
et al., 2000; Harvell
etal., 2002; Aronson
etal., 2003; Bruno et
al., 2007; Mora,
2008, 2009).
Warming associated
with increased
disease
transmission (Burge
etal., 2014; Vezzulli
etal., 2016).
Warming associated
with reduced
recruitment
capacity in fisheries
(Pershing et al.,
2015; Britten et al.,
2016; Free et al.,
2019).

Acidification
increases mortality
in selected adult
and juvenile
(Kurihara et al.,
2004; Dupont et al.,
2008; Byrne, 2011;
Ginger et al., 2013)
marine
invertebrates
(Byrne, 2011) and
plants (Hall-Spencer
et al., 2008).
Abundance can
decline among
producer species
(Hall-Spencer et al.,
2008) (but see
(Short and Neckles,
1999; Riebesell et
al., 2007).
Acidification can
cause tissue
damage, making
fish more
vulnerable to
infection (Frommel
etal., 2012).
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Hypoxia causes
mortality in most
large eukaryote
(Levin, 2003;
Vaquer-Sunyer and
Duarte, 2011), and
anoxia could cause
extinction in macro-
and megafauna
(WISHNER et al.,
1990; Gooday et al.,
2000; Levin, 2003;
De Leoetal., 2012;
Kuroyanagi et al.,
2013). Hypoxia may
enhance dominance
by some taxa that
are hypoxia tolerant
(Purcell, 2012;
Kuroyanagi et al.,
2013) or that are
released from
ecological
interactions (Levin,
2003; Ekau et al.,
2010; Yasuhara et
al., 2012a).

Mortality of benthic
invertebrates is
generally higher with
reductions in food
supply (McClain et al.,
2012). Reduced
productivity could
reduce abundance
(Billett et al., 2001;
Gooday, 2003; Vetter
etal., 2010; Tecchio et
al., 2011; McClain et
al., 2012; Yasuhara et
al., 2012a) and lead to
dominance shifts
from large to small
taxa.




Geographic
range and
distribution

Species
diversity
composition

Warming could
cause range shifts
poleward and to
deeper waters
(Nesis, 1997; Perry
et al., 2005;
Yasuharaet al.,
2009; Comeaux et
al., 2012), which in
turn could affect the
strength of
ecological
interactions
(Narayanaswamy et
al., 2010), gene flow,
and rates of
evolution (Hill et al.,
2011). Warming also
reduces habitat
suitability for
species (Shackell et
al., 2014).

Theory suggests a
positive relation
between richness
and temperature
(Cronin and Raymo,
1997; Allen et al.,
2002; Currie et al.,
2004), which is
confirmed in several
marine studies
(Cronin and Raymo,
1997; Mora and
Robertson, 2005;
Yasuhara et al.,
2009; Tittensor et
al., 2010b); although
some regions
and/or taxa fail to
show a relationship
(Yasuhara et al.,
2012b).

Reduced calcium
carbonate
saturation
constrains
calcification and
growth with adverse
effects on calcifying
species from
shallow (Hoegh-
Guldbergetal.,
2007; Tittensor et
al., 2010a) and
deep-sea (Guinotte
et al., 2006) areas.

Acidification will
likely lead to loss of
species
(Widdicombe and
Spicer, 2008;
Widdicombe et al.,
2009).
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Some taxa may
disappear from
hypoxic waters
(Levin, 2003; Prince
etal., 2010;
Stramma et al.,
2010, 2012; Koslow
etal., 2011; Gilly et
al., 2013;
Kuroyanagi et dl.,
2013), but others
may appear and
thrive (Stramma et
al., 2010, 2012; Gilly
etal., 2013).
Increased
endemism among
some benthic
foraminifera in core
regions of oxygen
minimum zones
(Schumacher et al.,
2007).

Diversity declines as
oxygen declines for
protists (Gooday et
al., 2000, 2009;
Yasuhara et al.,
2012c), meiofauna
(Yasuhara et al.,
2012c), macrofauna,
and megafauna
(Gooday et al., 2000,
2009; Levin, 2003;
Stramma et al.,
2010, 2012).

Certain species are
unlikely to maintain
their distribution in
food limited areas of
the seafloor
(Tittensor et al., 2011).

Richness shows a
unimodal (Vetter et
al., 2010; Tecchio et
al., 2011; Tittensor et
al., 2011; McClain et
al., 2012) or no (Mora
and Robertson, 2005;
Yasuhara et al.,
2012b) relationship
with proxies of the
food supply.
Productivity
seasonality may
negatively affect
diversity (Gooday et
al., 1998; Corliss et al.,
2009). Eutrophication
causes diversity
decline (Yasuhara et
al., 2012c).



Functioning and
service
provision

Ecosystem
malfunctioning
could be extensive if
keystone species
are affected
(Bellwood et al.,
2004; Hoegh-
Guldbergetal.,
2007;
Narayanaswamy et
al., 2010; Mora et al.,
2011) or if
tolerances are
exceeded
simultaneously
(Trisos et al., 2020).
Trophic cascades
could also affect
ecosystem structure
and functioning
(Frank et al., 2005,
2011; Purcell, 2012;
Boyce et al., 2015b).

Acidification can
affect nutrient
cycling (Widdicombe
et al., 2009; Shietal.,
2010), while
reduced
calcification can
reduce sinking rates
and carbon export
fluxes to the
seafloor via less
mineral ballast
(Hofmann and
Schellnhuber, 2009).

Carbon cycling
could shift from
metazoans to
benthic
foraminifera
(Woulds et al., 2007)
and microbiota
(Woulds et al., 2007;
Diaz and Rosenberg,
2008) in suboxic
and anoxic zones.
Hypoxia can reduce
colonization,
recovery, and
resilience (Woulds et
al., 2007).

4.2 Climate effects on the physical-chemical environment

Reduced food supply
may lead to reduced
fishery landings
(Chassot et al., 2007,
2010), can reduce
carbon cycling (Ruhl
et al., 2008; Amaro et
al., 2010; van Oevelen
etal., 2011), modify
food web structures
(Tecchioetal., 2011),
and cause shifts from
macrofaunal-to-
microbial-dominated
nutrient cycling
(Smith et al., 2008;
van Nugteren et al.,
2009a, 2009b).

Climate change impacts are predominantly, though not exclusively, mediated through
changes in temperature. Temperature effects are overarching, affecting important physical
(e.g. seaice formation, persistence, and extent, ocean mixing, currents), and chemical
processes (e.g. deoxygenation, nutrient cycling) that drive direct and indirect climate effects
on species. As temperature is a first-order proxy of climate change and observations of
temperature are publicly available at long-term synoptic scales, it will be used as the main
index of environmental climate change in this overview, although additional changes will
also be discussed.

Changes in sea surface temperature (SST) were evaluated, using monthly observations
from the MET Hadley dataset between 1900 and 2019 available on a global 1 x 1° grid
(Table 10.1). When averaged across all months and examined globally, SST has increased
linearly by an average of 0.67°C between 1900 and 2019. This warming trend is comparable
to that estimated by the National Oceanic and Atmospheric Administration (NOAA)
National Centers for Environmental Information (NOAA National Centers for Environmental
information, 2020). The SST trends were spatially variable (range = -2.4-3.3°C;

S.D. =0.45°C), with most areas experiencing warming temperature trends. Within the AOS,
warming has been more rapid (0.93°C; range = -0.6-2.1°C; S.D. = 0.47°C) than the global
average since 1900. Almost all grid cells within the AOS exhibited warming, with a small
number between Labrador and Baffin Island and at the northern extent of some divisions
exhibiting cooling (Figure 4.1a). Average rates of surface warming in all AOS regions were
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more rapid than the global average, and all of the grid cells within the Gulf of St. Lawrence
and the Scotian Shelf exhibited more rapid warming than the global average (Figure 4.1b).
Warming trends in all regions were non-linear and driven by rapid SST increase since ~1970
(Figure 4.2). The most rapid warming since 1900 was observed on the Scotian Shelf (1.5°C)
and in the Gulf of St. Lawrence (1.34°C), with the Eastern Arctic experiencing the slowest
comparative warming (0.73°C). Independent satellite observations of SST also suggest that
rapid warming has occurred in the AOS between 1985 and 2016 and that 2012 was an
anomalously warm year (Bernier et al., 2018). The trend of warmer oceans appears to be
consistent across different regions within the AOS and is robust to the use of different
input data sources. Notably, some of the most rapid warmings have occurred to the
immediate south of the AOS in the Gulf of Maine. The average warming rate in this region
(1.7°C) was almost twice as rapid as that across the AOS, and warming rates were less
spatially variable (range = 0.95-2°C; S.D. = 0.3°C). Published studies have also highlighted
the rapid pace of warming in the Gulf of Maine, particularly between 2005 and 2015
(Pershing et al., 2015), while others report that this warming will continue at extreme rates
throughout the Northwest Atlantic over the next century (Saba et al., 2016).
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Figure 4.1 Long-term changes in SST across the AOS.

Total change in surface temperature (°C) over the past century (1900-2014) estimated using a linear
model within each 1x1° cell within the AOS (a) and within each bioregion (b). (a) Temperature
changes are depicted as colours: dark red show greater warming, and blue, cooling. (b) The density
distribution of temperature changes within each bioregion region is shown as colours, with the black
triangle showing the average global temperature change. Data source listed in Table 10.1.
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Figure 4.2 Long-term (1900-2014) surface temperature trends across the

AOS.

Annually averaged surface temperature (°C) time-series across the regions within the
AQS and for all regions combined. The regions are depicted as colours, and the AOS
aggregate is in black. The total linear temperature change is shown in the top left of
each panel. Data source listed in Table 10.1.

Table 4.2 summarizes many of the long-term changes in the biochemistry and population
dynamics of marine species that have been attributed to climate change within the AOS.
Ocean warming within the AOS has been associated with warmer winters since the 1800s
and an associated reduction in ice volume and duration. Hutchings et al. (2012) reported
that Arctic sea ice cover in both summer and winter has been declining since 1979, with
September sea ice extent declining by 12% per decade and a projected ice-free Arctic in the
fall of 2071. Sea ice thickness has also reportedly declined by 48% between 1980 and 2008

41



(Kwok and Rothrock, 2009). Linearly declining sea ice extent and thickness have also been
reported between 1979 and 2011 for the Gulf of St. Lawrence (-3.9%) and Newfoundland
and Labrador shelves (-3.1%), and sea ice extents reached their lowest historical levels in
each of these two regions in 2010 and 2011, respectively.

These changes in sea ice have important consequences for mixing, nutrient availability, and
oxygen levels. Warming of the ocean surface has been associated both globally and within
the AOS to enhanced vertical stratification and reduced nutrient availability in surface
waters (Behrenfeld et al., 2006; Polovina et al., 2008; Boyce et al., 2010, 2014; Lewandowska
et al., 2014). For example, increased stratification has been reported on the Scotian Shelf
between 1960 and 2008, with rapid increases in the 1990s (Petrie et al., 2009a).

Changes in mixing patterns and altered nutrient inputs have also led to increasing hypoxia,
a condition where oxygen (O) concentrations drop below 30% (Gilbert et al., 2005; Hoegh-
Guldberg and Bruno, 2010; Stendardo and Gruber, 2012; Bernier et al., 2018). Hypoxia has
been associated with mass mortality events in marine species and is known to have
adverse effects on the growth, reproduction, and distribution of species. Dissolved oxygen
has reportedly declined in almost all regions of the North Atlantic between 1960 and 2009
(Stendardo and Gruber, 2012). Hypoxia has been increasing in the Gulf of St. Lawrence,
with hypoxic conditions being common since 1984 and reaching an annual average low of
18% saturation in 2016 (Bernier et al., 2018). Gilbert et al. (2005) reported a 48% reduction
in dissolved O at depth in the St. Lawrence Estuary since the 1930s, in association with a
1.7°C warming. There have also been reports of low Oz levels on the Scotian Shelf (Petrie
and Yeats, 2000) and northeastern Newfoundland Shelf (Kiceniuk and Colbourne, 1997).

As the atmospheric carbon dioxide (CO2) concentration increases, an increasing amount of
carbon is absorbed by the oceans, leading to decreases in pH and ultimately to increasing
acidification. Acidification in the Northwest Atlantic is reportedly increasing faster than in
most other oceans, with adverse effects on species such as plankton molluscs, crustaceans,
and corals that form calcium carbonate skeletons. Greater acidification has also been
reported in coastal areas near large estuaries and cold-water currents, compared to
deeper offshore waters of warmer origin (Peck and Pinnegar, 2018). Acidification is
especially relevant in the Arctic because the solubility of CO; is greater in colder waters,
and to a shoaling of the aragonite saturation horizon as a function of depth (Fabry et al.,
2008), leading the onset of under-saturation to occur earlier. Declines in pH and calcium
carbonate have been reported in the Arctic and may be partly driven by increasing
freshwater influx from melting ice caps (Steinacher et al., 2009). Acidification has also been
found to cause tissue damage in larval Atlantic cod, leading to increased susceptibility to
infection (Frommel et al., 2012). Notwithstanding this, the impacts of acidification on North
Atlantic finfish are generally poorly understood (Peck and Pinnegar, 2018).
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Table 4.2 Observed climate change trends within the AOS.

Phenomenon

Range expansion or -
contraction

Latitudinal range
shifts

Depth distribution -

Species invasions

Seasonal

Trophic

Size structure =

Temperature -

Freshwater flux

Melting sea ice

Stratification -

Acidification

Deoxygenation

Primary production -

Disease
transmission

General observed pattern

By 2060 55% of species projected as losing thermal
habitat, 21% gaining, and 24% remaining constant

Northward range shifts

‘Borealization’ of Arctic, ‘tropicalization’ of temperate
ecosystems

A shiftin the spatial distribution of larvae for 43% of
taxa in the northeastern US; mostly northward

A shift towards inhabiting deeper, colder waters

New arrivals from US waters on the Scotian Shelf
associated with latitudinal range shifts

New arrivals in the Arctic from the south, with effects on
low diversity ecosystems there

A shiftin seasonal timing of larval occurrence for 49% of

taxa in the northeastern US shelf
Earlier melting of sea ice in the year
Increased zooplankton grazing

Increased predation of ectotherms relative to
endotherms

A shift towards resource control of marine ecosystems
Reduction in size of primary and secondary producers

Warming almost everywhere

Rapid warming in the Gulf of Maine, Gulf of St.
Lawrence, Scotian Shelf

Increased at high latitudes from hydrological cycle
intensification

Melting Arctic ice and Greenland ice sheet, leading to a
freshening of the Arctic

Spatially variable changes in sea ice type (old versus
seasonal), thickness, and extent in the Arctic

Increased, especially at low latitudes

Associated with nutrient limitations at low to mid
latitudes

Increasing, especially in the Gulf and Arctic
Negative effects on calcifying species

Widespread increases, especially in the Gulf of St.
Lawrence

Spatially variable, but generally declining, especially at
lower latitudes

Complex responses in the Arctic including changes from
ice algae to phytoplankton; moderate declines in some
areas butincreases in others

Increased, especially in the Arctic
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4.3 Climate effects on plankton

There is a notable lack of long-term standardized time-series that are needed to resolve
climate change-associated processes (Boyce et al., 2010, 2014; Boyce and Worm, 2015),
particularly in the Arctic (Boyce et al., 2010, 2014; Niemi et al., 2019). Notwithstanding this,
DFO has reported an overall decline in phytoplankton concentration in the AOS between
1999 and 2016, associated with altered nutrient concentrations (Bernier et al., 2018). This
decline broadly coincides with regional estimates that chlorophyll concentrations have
declined across the Northwest Atlantic (-0.6% yr™'; 1911-2010) and Arctic (-0.4% yr™'; 1899-
2005) oceans over the past century, associated with long-term warming and reduced
vertical mixing and nutrient delivery (Boyce et al., 2010, 2014). However, the
biogeochemical response to warming has been more complex in the Arctic. In several
areas, including Cumberland Sound (Eastern Arctic), warming has led to the loss of old ice,
thus reducing the concentration of algae that grow on ice underside (ice algae), leading to
increased concentrations of open-water algae (phytoplankton), with consequences for
nutrient fluxes and ecosystem structure (Niemi et al., 2019).

Outside of the Arctic, changes in the cyclic seasonal development (phenology) of
phytoplankton have been reported within the AOS between 1999 and 2016, with large
variability in the magnitude and timing of the spring bloom and a gradual decline in the
bloom duration (Bernier et al., 2018). The decline in spring bloom duration in the AOS is
comparable to reports that, when spatially averaged, the duration of the phytoplankton
growing season has declined at temperate-polar latitudes (35-65°N) between 1998 and
2007, coincident with surface temperature changes (Racault et al., 2012). Such shifts in the
timing of seasonal phytoplankton development have also been linked to the larval
survivorship and subsequent productivity of haddock (Melanogrammus aeglefinus) and
shrimp (Pandalus borealis) in the AOS (Platt et al., 2003; Koeller et al., 2009). In the Arctic,
warming and earlier melting of sea ice have led to a longer growing season with unknown
impacts on marine species (Niemi et al., 2019).

Ocean warming has also been associated with changing plankton species composition and
a reduction in the average size of plankton. Ocean warming, stratification, and reduced
nutrient concentrations have led to increases in picophytoplankton (<0.2 um) and species
groups that are better adapted to thriving under these conditions. For example, Li et al.
(2009) reported that freshening and increasing stratification in the Canadian Arctic has led
to increasing picophytoplankton (<2 pm diameter) and declining nanoplankton (2-20 pm
diameter) abundances between 2004 and 2008. Warming in the Arctic is also leading to
shifts in the amount of primary production in ice algae relative to phytoplankton (Niemi et
al., 2019). Climate-driven shifts in major phytoplankton species groups, including diatoms,
dinoflagellates, and coccolithophores, have also been reported across the North Atlantic in
response to climate-driven stratification and nutrient limitation (Cermeno et al., 2008;
Hinder et al., 2012; Barton et al., 2016). Barton et al. (Barton et al., 2016) analyzed the
thermal preferences of 87 phytoplankton species in the North Atlantic and reported that
ocean warming was contributing to rapid poleward and eastward shifts in most species.
Similar to phytoplankton, warming has been associated with an increase in small warm-
water zooplankton and a reduction in the large energy-rich copepod Calanus finmarchicus
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(Bernier et al., 2018). C. finmarchicus has been declining across the AOS since 2009, with the
largest declines reported on the Scotian Shelf. Alternatively, smaller copepods such as
Pseudocalanus spp. have increased, particularly in the Gulf of St. Lawrence and the
Newfoundland Shelf (Bernier et al., 2018). Such shifts can have large effects on the flow of
energy through marine ecosystems, with consequences for fisheries. As a consequence of
size-based predation and trophic transfer efficiency, a smaller fraction of the energy in
smaller plankton is transferred to upper trophic levels (Boyce et al., 2015a). This means that
more production is cycled in the microbial loop that is transferred to upper trophic levels to
support fisheries (Azam and Malfatti, 2007; Boyce and Worm, 2015). Likewise, the size
structure and composition of plankton communities have strong effects on the amount of
particular organic matter that is exported to support deep-sea ecosystems and fisheries.

4.4 Climate effects on bacteria and viruses

Climate effects on bacteria and viruses are less well understood, but their effects on
marine ecosystems and fisheries are likely to be profound (Cavicchioli et al., 2019). It has
been estimated that 90% of marine biomass comprises microbes, including bacteria and
viruses. The abundance and diversity of such microorganisms underlie their critical
importance on marine species and ecosystems. It is likely that hosts and parasites will track
species as they shift poleward under climate change. Warming has already been associated
with an increase in the prevalence of disease outbreaks and bleaching in coral ecosystems
(Altizer et al., 2013; Bourne et al., 2016), and some disease outbreaks coincide with
periodicities in the El Nifio Southern Oscillation; (Randall and van Woesik, 2017). Climate
change may also render some species more susceptible to infection. For example, ocean
acidification was reported to cause tissue damage in Atlantic cod larvae, weakening their
immune systems and making them more susceptible to bacterial invasion (Frommel et al.,
2012). Warming in the Arctic is projected to lead to increased disease transmission
between species in the Eastern and Western Arctic ecosystems, with cascading effects on
ecosystem structure and fisheries. Disease outbreaks can also lead to mass mortality of
keystone species such as sea stars and urchins, leading in turn to cascading ecosystem
effects (Harvell et al., 2019). Climate change-associated increases in storm surges and sea
level rise are projected to lead to an expansion of the geographic and seasonal ranges of
bacteria (Burge et al., 2014). For example, a poleward range shift of outbreaks of Vibrio has
already been reported in the North Atlantic, the North Sea, the Baltic Sea, and Alaska
associated with shifting temperature and salinity (Burge et al., 2014; Vezzulli et al., 2016).
Harmful algal blooms that can lead to fishery closures and reduced productivity are
projected to increase in frequency and extent with climate change (Howard et al., 2013).

45 Climate effects on fisheries

Resolving the emergent effects of climate change on fisheries is exceedingly challenging
due to the multiple pathways by which they can be manifest, as well as the presence of
coincident impacts such as exploitation, which can obscure climate effects. Climate effects
can be manifest on species directly by affecting metabolic rates or indirectly by modifying
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prey availability. Notwithstanding these challenges, studies have documented a range of
fisheries responses to climate change, which are summarized below.

4 .51 Distributional shifts

Several studies have documented distributional shifts in response to climate changes, with
shifts being more rapid in marine systems than in terrestrial ones, due to the greater
connectivity there. Where climate-driven shifts have been reported, species have generally
shifted into either deeper or more northerly waters, presumably in search of more
thermally suitable habitat (Dulvy et al., 2008; Pinsky et al., 2013; Cheung et al., 2016a),
although directional shifts can also be more complex (Pinsky et al., 2013). Regional-scale
distributional shifts have been increasingly documented in the North Atlantic and Arctic
oceans, including the northeastern US (Nye et al., 2011; Pinsky et al., 2013), North Sea (Perry
et al., 2005), and Denmark Strait (MacKenzie et al., 2014). For example, Nye et al. (Nye et al.,
2009) reported poleward shifts in 17 of the 36 commercial fish stocks between 1968 and
2007 in US waters that were associated with ocean warming. The general trend of warmer-
adapted species moving into more northerly habitats has been termed ‘tropicalization’ in
temperate systems and ‘borealization’ in the Arctic. For example, DFO has recently noted
an increasing number of exotic warm-water species being reported in the summer
research vessel survey, particularly in
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Figure 4.3 Climate-driven species redistributions.

Points depict the occurrence of novel species in the DFO summer
bottom trawl survey within each decade (1970-2017). Colours
depict the average bottom water temperature. The figure is from
Bernier et al. (2018).
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4.5.2 Phenology

For many species, including marine fish, migrations and life history processes such as
spawning are closely associated with cyclic seasonal variation (phenology) in climate and
primary productivity. In particular, delayed timing of seasonal plankton blooms has been
hypothesized to strongly affect the survivorship of larval fish, with effects on adult
productivity (Cushing, 1969, 1990). For example, Platt et al. (2003) reported that the
survivorship of larval haddock on the Eastern Scotian Shelf was strongly influenced by the
timing of the spring phytoplankton bloom, with reduced survivorship occurring when the
spring bloom was delayed. In a separate study, Koeller et al. (2009) reported that shrimp
(Pandalus borealus) egg hatching times were significantly related to the seasonal spring
timing of phytoplankton and bottom water temperature. Similar but community-wide shifts
in seasonal spawning times have been reported for fish in the northwest Pacific Ocean
between 1951 and 2008, in association with seasonal changes in temperature (Asch, 2015).

4.5.3 Size structure

As it has been for plankton, increasing temperature has been associated with changing
growth rates and reduced size of fish and invertebrates. Shackell et al. (Shackell et al., 2010)
reported a 60% decline in average body mass of predatory fish and invertebrate species
between 1970 and 2008, coincident with increasing temperature and stratification and size-
selective harvesting (Figure 4.4). Such changes in size, which are often exacerbated by size-
selective fishing (Pauly et al., 1998; Frank et al., 2019), have wide-ranging effects on the
growth and energy use of these species as well as on trophic interactions and ecosystem
structure.
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Figure 4.4 Reduced size of marine species on the western Scotian Shelf.
Average mass (kg) for fish functional groups (1970-2008). Points are annual values, and
lines are the 3-year moving averages. Grey lines are the mass at age six as weighted by
species biomass within the functional groups. The figure is from Shackell et al. (2010).
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4.5.4 Predation

There is substantial evidence that temperature has overarching effects on predator-prey
(trophic) interactions in marine food webs globally (Boyce et al., 2015b) and across the
North Atlantic and Arctic oceans (Frank et al., 2006, 2007; Petrie et al., 2009b). However,
understanding how changing temperature influences trophic dynamics and the emergent
dynamics of single species is notoriously difficult, as effects can operate via multiple direct
and indirect pathways and can be time lagged. For example, Shackell et al. (Shackell et al.,
2010) reported that while aggregate predator biomass remained constant over time,
reductions in their average size eroded their predation efficiency and led to 300% increases
in the biomass of their prey between 1990 and 2008. Temperature has also been found to
affect predator-prey interactions by differentially altering the metabolic demands of
species. For example, Grady et al. (2019) recently reported that the per capita prey
encounter rates, capture efficiencies, and maximum capture rates of cold-blooded
ectotherms (e.g. most fish and invertebrates) would change with warming, whereas those
of warm-blooded endotherms (e.g. mammals, some tunas, sharks, and billfish) would
remain constant. As an emergent consequence of this metabolic effect, ectotherms would
benefit, consuming a larger share of the available prey than would endotherms. Similarly,
the metabolic rate of secondary producers has been found to increase with temperature
more rapidly than primary producers (e.g. phytoplankton), again creating an energetic
advantage for zooplankton and other consumers as temperatures increase (O'Connor et
al., 2009; Lewandowska et al., 2014). Resolving the biological effects of warming on marine
species is one of the key uncertainties and limitations to projecting the impacts of climate
on marine species and ecosystems (Taucher and Oschlies, 2011; Lotze et al., 2019).

4.5.5 Synergistic effects

The interplay among climate change, fisheries, and additional stressors can be highly
interactive and context specific. The drivers of marine ecosystems rarely vary in isolation,
and several factors may additively or synergistically act to amplify or attenuate the impact
of a single driver (Crain et al., 2008; Poertner, 2010; Gruber, 2011). For example, in the
Arctic, climate change is leading to changes in sea ice extent, thickness, and duration, which
in turn are causing cascading and interactive changes throughout the ecosystem with
effects on the reproductive success, migration, seasonal development, and fitness of
species there (Niemi et al., 2019). Because sea ice acts as a mirror and increases surface
albedo, warming and sea ice loss can also accelerate warming and climate change impacts
in the Arctic (Perovich and Richter-Menge, 2009). Warming and melting sea ice are also
leading to increased ship traffic and opportunities for human settlement and marine
resource use in the Arctic, with probable impacts on ecosystems and fisheries. Increased
ocean acidification has also been found to interact with warming to increase
coccolithophore abundance but reduce calcite production, with consequences for fisheries
(Feng et al., 2009). Climate effects on ecosystems and species can also be more severe
when overlaid by additional stressors including, for instance, fishing, pollution, and nutrient
loading. For example, Ottersen et al. (Ottersen et al., 2006) reported that extensive fishing
could render fish populations less resistant to the negative effects of short-term climate
variability on occasional poor year classes. Alternatively, studies have reported that
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systems that have high species and/or functional diversity may be more resistant and
resilient to stressors such as climate change and fishing (Worm et al., 2002, 2006; Worm
and Duffy, 2003). These findings have applied relevance to fisheries management. Studies
across the AOS suggest that diverse ecosystems that are less heavily impacted by climate
and other stressors may be able to sustainably withstand higher levels of exploitation
(Shackell and Frank, 2007; Fisher et al., 2008; Petrie et al., 2009b). Despite having similar
exploitation rates, several groundfish species collapsed in the Eastern Scotian Shelf in the
early 1990s while those on the adjacent western Scotian Shelf did not. The greater capacity
of the western Scotian Shelf to resist the deleterious effects of exploitation was attributed
to higher species diversity and to warmer waters, allowing compensatory species to
increase more rapidly there (Shackell and Frank, 2007).

To explore how stressors are distributed globally and across the AOS, spatial patterns in
the cumulative human impact index (HIl) developed by Halpern et al. (Halpern et al., 2008);
Table 10.1) were evaluated. The index synthesizes 17 global datasets of human drivers of
ecological change to estimate spatial patterns of human impacts. Across the AOS, the Hll
indicated that the most impacted areas were located in nearshore waters, particularly in
the Gulf of St. Lawrence and Newfoundland and Labrador (Figure 4.5a). Virtually all of the
grid cells in the Gulf of St. Lawrence, Newfoundland and Labrador, and Scotian Shelf were
more heavily impacted than the global average (Figure 4.5b). Likely due to its inaccessibility,
sparse population, and less productive fisheries, the Eastern Arctic was less impacted by
human activities than the other bioregions. However, due to the rapid warming and
projected expansion of commercial fishing activities, human impacts in the Arctic are
expected to increase (Lotze et al., 2019; Boyce et al., 2020; Bryndum-Buchholz et al., 2020).
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4.6 Increasing magnitude and frequency of extreme events

In addition to the changes in the mean state discussed thus far, climate change has been
associated with increases in the frequency and intensity of climate extremes (Meehl and
Tebaldi, 2004; IPCC et al., 2012; Thompson et al., 2013; Oliver et al., 2018). For example,
Oliver et al. (2018) have reported that the average frequency and duration of marine
heatwaves have significantly increased by 34% and 17%, respectively, since 1925, with
socio-economic and ecological consequences. Notable marine heatwaves have also
occurred in several locations, including the Northwest Atlantic in 2012 (Chen et al., 2014).
These warming extremes have been associated with widespread ecological and socio-
economic effects, including habitat loss (Wernberg et al., 2016; Hughes et al., 2017),
reduced primary production (Bond et al., 2015), mass mortality events (Oliver et al., 2017),
range shifts (Wernberg et al., 2016), altered community structure, and fisheries disruption
(Caputi et al., 2016; Cavole et al., 2016; Oliver et al., 2017).

Climate change has also been associated with improbable events, termed ‘black swans,’ in
animal populations (Anderson et al., 2017b). Anderson et al. (2017b) examined 609 animal
populations and reported that black swan events occurred in ~4% of populations and were
associated with climate effects, severe winters, predators, parasites, or synergistic drivers.
These extreme events primarily occur as population crashes (86%) rather than increases.

4.7 Key points

¢ Climate change affects fisheries through a multitude of direct and indirect
pathways, creating winners and losers, but originating with changes in the physical
environment (Table 4.1).

¢ Both globally and across the AOS, a range of climate change effects have been
reported, including warming; reduced mixing and surface nutrient supply; modified
freshwater flux; widespread deoxygenation; acidification (e.g. in the Gulf of St.
Lawrence); loss of sea ice (e.g. in the Eastern Arctic); reduced primary production
(except in the Arctic); reduced size structure; altered community composition;
altered species ranges and depth distributions; increased disease transmission;
modified growth, metabolism, and condition; and seasonal development (see Table
1.1).

e Surface temperature is a first-order indicator of climate change and is publicly
available at synoptic scales over long time-scales.

¢ C(limate effects on marine microorganisms, including bacteria, viruses, and plankton,
and their impacts on fisheries is poorly resolved, but likely to be profound
(Cavicchioli et al., 2019).

¢ The magnitude of climate change effects can be context dependent. More severe
climate effects can occur when overlaid by additional stressors, whereas greater
climate resistance and resilience have been observed in highly diverse ecosystems.

50



¢ C(limate change is associated with increasing magnitude and frequency of extremes
both in the environment and in animal populations.

¢ C(limate change is reconfiguring ecosystems and altering population dynamics in
ways that are not yet fully understood but which certainly have implications for the
productivity and management of fish populations.

5. Future changes in marine ecosystems and fisheries in
Canada
5.1 An overview of climate projection and forecasting

The use of models to understand and project climate change impacts on species and
ecosystems under different fishing and warming scenarios is rapidly growing (Carozza et
al., 2019; Eyring et al., 2019; Free et al., 2019; Lotze et al., 2019; Boyce et al., 2020; Bryndum-
Buchholz et al., 2020). Climate projections are increasingly appearing in documents such as
the Intergovernmental Panel on Climate Change (IPCC) reports (IPCC, 2014, 2019).
International organizations such as the Food and Agriculture Organization of the United
Nations (FAO), and the Intergovernmental Science-Policy Platform on Biodiversity and
Ecosystem Services (IPBES) now use climate projections to inform decision-makers of how
climate-driven ecological changes may affect biodiversity and food production (Barange et
al., 2018; IPBES, 2019). Climate projections and forecasts are also beginning to be
incorporated into applied ocean management settings (Hobday and Hartog, 2014; Maxwell
etal., 2015; Hobday et al., 2016; Barange et al., 2018; Greenan et al., 2019).

Global climate projections of marine systems are generated by global climate models
(GCMs), Earth system models (ESMs), and marine ecosystem models (MEMs). GCMs resolve
physical and atmospheric processes in the oceans (e.g. temperature, salinity), and ESMs
can also resolve physical and biogeochemical processes (e.g. nutrients, phytoplankton).
Using the output from ESMs, MEMs resolve ecological processes and can project the
impacts of climate changes on a range of marine species from plankton to top predators
(Figure 5.1). Through networks such as the Coupled Model Intercomparison Project (CMIP)
and the Fisheries and Marine Ecosystem Model Intercomparison Project (Tittensor et al.,
2018b, 2018a), projections from GCMs, ESMs, and MEMs are freely available as
standardized global projections that can be combined to assess the range of uncertainty
and increase the accuracy of climate projections (Mora et al., 2011; Bryndum-Buchholz et
al., 2018; Lotze et al., 2019; Schewe et al., 2019; Boyce et al., 2020).

However, despite their widespread availability and use, the projection skill from these
coarse-resolution global models can be poor in nearshore waters and inland waterways
when assessed against observed data (Laurent et al., n.d.; Loder et al., 2015; Lavoie et al.,
2019) and are not yet suitable for management purposes. A review of six ESMs by Loder et
al. (2015) reported that the models were able to reproduce large-scale patterns in surface
temperature and salinity across the North Atlantic well, but did not capture detailed
features such as the position of the Gulf Stream. A recent study in review by Laurent et al.
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(n.d.) compared 29 coarse-resolution global ESMs against a regional model for the
northwest North Atlantic shelf ocean and reported that the regional model reproduced
observations of chlorophyll, nitrate, and temperature significantly better than the ESMs. It
has been hypothesized that the coarse resolution (~1°) of the global models may be a
contributing factor and that a resolution of 0.1° to 0.25° may be required to more reliably
represent these dynamic nearshore features (Loder et al., 2015; Yool et al., 2015; Saba et al.,
2016). To accomplish this, local or regional-scale projections (5-100 km?) have been
developed independently or coarse resolution (100-300 km?) global models have been
downscaled (Saba et al., 2016). Such local or regional models often incorporate regionally
specific dynamic nearshore processes and operate at finer spatial and temporal scales
than do global models, contributing to better performance when assessed against
historical observations. However, the drawback of regional models is the lack of synoptic
spatial coverage, the computational requirements to run them, and the large volume of
projected output. Few such models exist within the AOS. The Bedford Institute of
Oceanography North Atlantic Model is a climate model at 1/12° resolution across the North
Atlantic between ~7°N and 75°N (Brickman et al., 2016; Wang et al., 2018). This model
provides projections of physical ocean variables for 2055 and 2075 under representative
concentration pathway (RCP) scenarios 4.5 and 8.5. The NOAA Geophysical Fluid Dynamics
Laboratory Climate Model 2.6 (CM2.6) has also been used to project changes in physical
variables such as temperature across the North Atlantic (Saba et al., 2016; Greenan et al.,
2019). However, local or regionally scaled ESMs or MEMs that can project plankton and/or
animal biomass at space-time scales needed for fisheries are not yet available in the AOS.
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Figure 5.1 Projecting climate impacts on marine ecosystem biomass.
Schematic depicts how ESMs and MEMs enable climate projections of different marine species groups.
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Despite this, a range of approaches, such as species distribution modelling and mass-
balanced ecosystem modelling, have been developed to project the effects of climate on

species and ecosystems at different spatial, temporal, and taxonomic scales (Jones et al.,
2012; Shackell et al., 2014; Stortini et al., 2015; Cheung et al., 2016b; Greenan et al., 2019).

The following chapter will evaluate projected future trends across the AOS using publicly
available climate projections from model intercomparison projects, which represent the
gold standard for model comparison (Tittensor et al., 2018a; Lotze et al., 2019; Boyce et al.,
2020; Bryndum-Buchholz et al., 2020).

5.2 Methods

Future changes in fisheries potential across the Northwest Atlantic Ocean and AOS were
evaluated using publicly available ensemble climate projections of temperature, net
primary productivity (NPP), and plankton and marine animal biomass obtained from
coarse-resolution global ESMs and MEMs. Projections from such models should be
interpreted with particular caution in regional and/or nearshore settings, particularly in the
Northwest Atlantic (Bopp et al., 2013; Loder et al., 2013, 2015). Measures were taken to
increase confidence in the validity of the climate projections. First, future trends were
estimated as ensemble climate projections from model intercomparison programs. These
programs force an ensemble of climate models in a standardized manner, enabling their
output to be compared and integrated; they currently represent the highest standard in
climate impact studies and provide increased confidence in the validity of climate change
projections (Mora et al., 2011; Bopp et al., 2013; Eyring et al., 2019; Lotze et al., 2019; Boyce
et al., 2020; Bryndum-Buchholz et al., 2020). Studies have found that by integrating across
several model projections, the multi-model average is more reliable than individual
projections (Mora et al., 2013a). Second, a newly developed approach, using longitudinal
models, was used to estimate ensemble rates of change and their statistical significance
(Boyce et al., 2020). The approach is suited to situations where several possibly
heterogeneous time-series describe a shared process over time and are thus suited to
ensemble modelling. This approach allows the standard error and statistical significance of
the ensemble trend to be robustly estimated, which had not previously been the case.

Projected time-series of surface temperature, NPP, and zooplankton carbon biomass
between 2006 and 2100 were obtained from the CMIP Phase 5 (CMIP5). Projections were
obtained from several published and validated GCMs and ESMs and were forced with a
standardized set of inputs (Table 10.2). Projected time-series of marine animal biomass
between 2006 and 2100 were obtained from the Fisheries and Marine Ecosystem Model
Intercomparison Project (Tittensor et al., 2018b, 2018a), which is part of the Inter-Sectoral
Impact Model Intercomparison Project. Projections were obtained from six published and
validated global MEMs that are described in Tittensor et al. (2018): APECOSM (Maury, 2010),
BOATS (Carozza et al., 2016), DBEM (Cheung et al., 2011), DPBM (Blanchard et al., 2012),
EcoOcean (Christensen et al., 2015), and the macroecological model (Jennings and
Collingridge, 2015). All MEMs were forced with standardized outputs from two ESMs from
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the CMIP5: NOAA’s Geophysical Fluid Dynamics Laboratory Climate Model (GFDL-ESM2M);
(Dunne et al., 2012, 2013) and the Institute Pierre Simon Laplace Climate Model (IPSL-
CM5A-LR); (Dufresne et al., 2013). All projections were made under RCP2.6, a high-
mitigation, low-emission scenario, and RCP8.5, a business-as-usual or worst-case pathway
that assumes a continuous increase in emissions until 2100 (Riahi et al., 2011; van Vuuren
etal., 2011).

All projections were standardized to relative change (% of the 2006-2016 average) to
account for differences in the subsets of marine animals included in the models (Tittensor
et al., 2018b). Model projections were combined into ensemble averages to increase the
accuracy of the projections (Mora et al., 2011; Bryndum-Buchholz et al., 2018; Lotze et al.,
2019; Schewe et al., 2019). Multi-model projections of SST, NPP, zooplankton biomass, and
animal biomass were combined using longitudinal models to robustly evaluate the average
rates of future change and their uncertainty (standard error and statistical significance;
Boyce et al., 2020).

The time of emergence (ToE) of surface temperature and O, were used to evaluate
projected climate changes in the context of natural variability. The ToE estimates the year
in which projected SST or Oz would exceed the boundaries of its natural, pre-industrial
range and was developed and provided by Henson et al. (2017). To explore species-specific
climate projections that are not provided by the global MEMs, a study using species
distribution modelling across the northwestern Atlantic was reviewed (Shackell et al., 2014).

5.3 Ensemble climate projections of temperature, plankton, and animal
biomass

Under a business-as-usual, or worst-case emission scenario (RCP8.5), global climate
projections to 2100 are similar in direction to those observed in the past. Globally, the
oceans are projected to become warmer, to have lower rates of primary production and
less marine animal biomass (Mora et al., 2013a; Boyce and Worm, 2015; Lotze et al., 2019;
Boyce et al., 2020). Hutchings et al. (2012) reported that the global ocean would warm by
2.6°C relative to the 1995-2005 average, with more rapid warming at higher latitudes.
Several studies (see (Boyce and Worm, 2015) for a review) have projected global declines in
phytoplankton concentration and primary production until 2100, with large spatial
variability in the direction and magnitude of changes. Warming is projected to lead to
increasing phytoplankton concentrations in the Arctic and Southern oceans and an
increase of smaller phytoplankton (Boyce and Worm, 2015). Ensemble projections have
recently reported that total marine animal biomass (excluding zooplankton) would decline
by 17% (£11% S.D.) under RCP8.5 with an average 5% decline per 1°C warming (Lotze et al.,
2019), despite large but uncertain increases at high-latitude locations (Boyce et al., 2020).
Under a strong emission mitigation scenario (RCP2.6), projections in temperature, plankton
biomass, and animal biomass were similar in direction but of more modest magnitude.

Projected climate changes are more rapid within the AOS than the globally average rates.
Under a worst-case emission scenario (RCP8.5), significant (p < 0.05) changes in SST, NPP,

54



zooplankton biomass, and animal biomass were projected across the AOS, with spatial
variability in the direction, magnitude, and certainty of changes (Figure 5.2). Significant
surface warming trends were apparent across all cells within the AOS, with more rapid
warming projected north of 45°N (Figure 5.2a). These projections broadly agree with the
analyses of ensemble climate projections by Loder and van der Baaren (2013), who
reported projected warming of 1-5°C across the AQOS, excluding the Arctic, by 2062. Along
with this warming trend, the average annual Arctic sea ice extent has been projected to
decline by about 15% per degree of global warming (NRC, 2011).

Spatial patterns of projected changes in NPP and zooplankton biomass were similar,
suggesting declines across most of the AOS but larger statistically significant declines on
the Eastern Scotian Shelf, in Newfoundland and Labrador, and in the high Eastern Arctic
(Figure 5.2b-c). Of the cells exhibiting statistically significant changes within the AOS, 96%
showed declining NPP, and 99% showed declining zooplankton biomass. These trends
broadly agree with global projections of an overall decline in primary production and
phytoplankton biomass over the 21st century, with increases at higher latitudes and large
spatial variability (reviewed in Boyce and Worm, 2015).

Under RCP8.5, declining animal biomass is projected across most of the southern AOS
(<~60°N) with large increases projected in the Arctic (Figure 5.2d). Approximately half (46%)
of statistically significant animal biomass trends were declining. Despite differences in
methodology, these projections of animal biomass broadly agree with recent reports that
under RCP8.5, marine animal biomass will decline from 1971 to 2099 by an average of 7.7%
within the entire Canadian EEZ, but with substantial spatial variability (+29.5%); (Bryndum-
Buchholz et al., 2020). Biomass in the Atlantic EEZ was projected to decline by 25.5% (+
9.5%), and in the Arctic to increase by 26.2% (+ 38.4%). Despite projected increases in
cumulative animal biomass in the Arctic, individual species will be adversely affected. For
instance, climate change is projected to threaten the persistence of polar bear populations
across the Arctic, with severe warming leading to possible extinction by 2100 (Molnar et al.,
2020).

Under RCP8.5, all projected SST changes within the AOS were statistically significant (<0.05),
whereas only 79% of NPP, 79% of zooplankton biomass, and 56% of animal biomass
changes were significant. Under a strong mitigation scenario (RCP2.6), changes in all
variables were more modest, and the proportion of significant changes declined: 28% of
SST, 36% of NPP, 34% of zooplankton biomass, and 28% of animal biomass trends were
statistically significant. Most of the non-significant changes were driven by conflicting
projections across ESMs and MEMs.

55




Projected surface Projected primary '
temperature change [%] production change [%] o ol
! 75

!}'5
1]

1]

1
1
§ 1
1
CE
% |
08 o:
%
%0 20700 0 w100 > BT |+
¥ = - + ) - R
Change (%] 80 40100 pander
80 C g .
Lo Projected zooplankton s ®®, _— Projected animal e o,
biomass change [%] 8 % 1 biomass change [?(:r‘] 1
; 75 I . 1
. 80' . |O()‘
0 § %I | 3
I 1.6
5} o
3 1§

NNREE
ERECIT o

8

§

$ i
%% g 35 1 i

100 80 40 1100

. 35

40 -100 0+
Change [%]

Figure 5.2 Climate projections under RCP8.5 across the AOS.

Maps of projected future change in SST (a), NPP (b), zooplankton biomass (c), and animal biomass (d)
between 2006 and 2100, relative to the reference period (2006-2016) under a worst-case RCP8.5 scenario.
Red depicts increase and blue decline. Cells with white ‘X’ depict non-significant changes (p>0.05), which are
those that contained insufficient data for analyses. Plots to the right of the maps show the average rate of
change along latitude. Red points are projection under RCP8.5, while blue is under RCP2.6. Projected
changes were estimated using longitudinal models. Data sources list in Table 10.2.

When averaged across bioregions, these multi-model climate projections under RCP8.5
showed increasing SST and declining NPP, zooplankton biomass, and animal biomass in
the Scotian Shelf-Bay of Fundy, Newfoundland and Labrador, and Gulf of St. Lawrence
(Figure 5.3). In the Eastern Arctic, rapid SST increases were accompanied by rapid declines
in NPP and zooplankton biomass, but non-linear increases in animal biomass.
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Figure 5.3 Projected time-series under RCP8.5 within and across AOS
bioregions.

Multi-model averaged time-series of projected SST (red), NPP (green), zooplankton biomass
(blue), and animal biomass (purple) across the regions within the time-series are relative to
the reference period (2006-2016) under a worst-case RCP8.5 emission scenario. Data sources
listin Table 10.2.

5.4 Projected timing of climate emergence from natural variability

Whereas the direction and magnitude of projected climate changes are important, their
impact on species and fisheries will depend on whether these changes will exceed the
bounds of natural variability and the tolerances of individual species. Species’ responses to
environmental change will depend in part on their capacity to adapt to or acclimate to it,
which is in part determined by the range of natural variability they inhabit as well as their
capacity to respond to it (Williams et al., 2007; Doney et al., 2012; Trisos et al., 2020).
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Accordingly, the time at which climate emerges from the natural variability (TOE) provides
an estimate of when species will be exposed to novel and potentially harmful climate
conditions (Mora et al., 2013b; Henson et al., 2017; Trisos et al., 2020). Under RCP8.5, the
surface temperature rapidly emerges from natural variability in many locations across the
AQS, particularly in the Gulf of St. Lawrence, Scotian Shelf, and parts of the Eastern Arctic,
and 5% of cells within the AOS have already emerged from natural variability (Figure 5.4a).
Oxygen concentrations, on the other hand, have already exceeded the bounds of natural
variability in 23% of cells within the AOS, including many in the Gulf of St. Lawrence,
Eastern Arctic, and Newfoundland and Labrador (Figure 5.4b). Six per cent of cells within
the AOS are projected to emerge from their natural variability in both SST and O; by the
year 2050, most of them in the Gulf of St. Lawrence and Eastern Arctic (Figure 5.4c).

Recently a study extended the ToE approach and estimated the timing at which
temperatures were projected to exceed the upper thermal tolerances for >30,000 species
across marine and terrestrial systems (Trisos et al., 2020). The study reported that the
tolerances for many species would be exceeded nearly simultaneously, potentially causing
abrupt ecosystem-wide changes, beginning as soon as 2030 in tropical oceans under
RCP8.5. While most rapid exposures were reported for the tropics, the results also
suggested that some of the most rapid ecological change would occur in the Scotian Shelf
and nearshore Newfoundland and Labrador (Trisos et al., 2020; figure 2).
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Figure 5.4 Projected time of emergence from natural variability under RCP8.5 across the
AOS.

Multi-model averaged year in which the average SST (a) and oxygen (b) are projected to exceed the bounds
or their pre-industrial range of variability under RCP8.5. Dark red depicts cells that already have emerged or
are more rapidly emerging from natural variability. (c) Locations where both SST and oxygen are projected to
exceed natural variability before the year 2050. Data from Bruno et al. (2018).
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5.5 Climate projections of species distribution

Not all of the global ESMs and MEMs used here cannot project changes at the species level
(Tittensor et al., 2018b). However, Shackell et al. (2014) developed a species distribution
modelling approach to predict changes in the thermally suitable habitat of 46 marine
species in the Northwest Atlantic (~35°N to ~48°N) under short- (2030) and long-term
(2060) warming scenarios. The study suggested that by 2060 most species (55%) in the
Canadian EEZ would lose thermal habitat, with 21% gaining and 24% remaining constant. In
the US, 65% of species would lose thermal habitat, with 20% gaining and 15% remaining
constant. In Canada, highly commercial species were projected to gain thermal habitat,
while those in the US would lose; this trend was driven by lobster, which dominated the
combined value in Canada. As a group, planktivores such as herring, sand lance, and
capelin were predicted to lose significant habitat in both Canada and the US. This is
troubling, as these forage species are critically important keystone species in many marine
food webs and support a range of valuable higher trophic level fisheries. The changes in
thermal habitat were more modest when projecting over the shorter term (2030s). An
important caveat to the use of such correlative approaches is the inability to account for
the effects of species interactions that may alter the distribution patterns predicted by
climate alone.

5.6 Climate change impacts in relation to fisheries productivity and
ecosystem stressors

Analyses were undertaken to understand what the historical and projected future climate-
driven changes in marine ecosystems reported here could mean for Canadian fisheries and
whether they may interact with other stressors. Spatial patterns of projected climate-driven
changes in marine animal biomass (Figure 5.2d) were evaluated against historical and
present-day patterns of reported fisheries landings and ecosystem stressors (Figure 4.5)
across the AOS. When averaged within each NAFO division, the historical time trends in
total reported fishery landings (1960-2018) were positively related to the statistically
significant projected future trends in animal biomass (2006-2100) under both the RCP8.5
worst-case (r = 0.74) and RCP2.6 strong mitigation (r = 0.8) scenarios (Figure 5.5a). These
relationships were largely unchanged when using all projected trends in animal biomass
rather than only those that were statistically significant under RCP8.5 (r = 0.69) and RCP2.6
(r =0.75). This indicated that areas experiencing the greatest decline in fishery landings
over the past ~60 years would also experience the largest climate-driven losses of animal
biomass over the next ~80 years.

The analyses suggested that NAFO divisions that currently support the highest total fishery
landings (2000-2018) are projected to lose the greatest biomass of marine animals due to
climate change under both emission scenarios (Figure 5.5b). The relationships between
landings and projected biomass changes were negative under both RCP8.5 (r = —0.68) and
RCP2.6 (r = -0.7) and became only minimally weaker when using all projected trends rather
than only those that were significant (p<0.05). These relationships suggest that fisheries
across the AOS will be disrupted by ongoing climate change and that the magnitude will
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depend strongly on emission mitigation. Under both scenarios, fisheries will either need to
track the spatial redistribution of fisheries biomass or experience declines in total landings.
Either way, a major disruption of the fishing industry is likely, particularly under the RCP8.5
worst-case emission scenario. These patterns between climate-driven changes in biomass
and fishery dynamics have also been reported globally, suggesting that under a worst-case
scenario, disruptions to fisheries will extend outside of the AOS, with widespread socio-
economic implications.
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Figure 5.5 Future changes in animal biomass in relation to historical fishery
landings across the AOS.
(a) Multi-model projected future changes in animal biomass (2006-2100), as a proportion of
present levels in relation to the total fishery landings (2000-2018) in each NAFO division. (b)
Multi-model projected future trends in animal biomass (2006-2100), as a proportion of present
levels in relation to the historical trends in total fishery landings (1960-2018) in each NAFO
division. (a-b) Left panels are projections under the RCP2.6 strong mitigation scenario, and the
left is under the RCP8.5 worst-case scenario. Symbol sizes depict the area of the NAFO divisions.
Lines are the best-fitting regression lines. Data sources list in Table 10.1 and Table 10.2.
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Spatial patterns of the future climate-driven changes in marine animal biomass were
evaluated against present-day patterns of cumulative Hlls (Figure 4.5). Negative
relationships were found between the HIl and statistically significant future changes in
animal biomass within each 1° cell across the AOS, under both RCP8.5 (r = -0.74) and
RCP2.6 (r = —-0.69); the relationships were slightly weaker

when using all future trends rather than only those that 200 RCE2.6
were significant (Figure 5.6). Since the models used to 160,
project animal biomass do not account for non-climate
stressors, these relationships suggest that the projected 1204
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regions and/or species that are most in need of climate- Figure 5.6 Future changes in animal biomass
relevant management responses. For example, areas in relation to present-day patterns of human
subjected to large climate changes that also supportthe  impacts across the AOS.

most currently productive fisheries (e.g. NAFO divisions Multi-model projected future changes in animal

4X, 4T) or that have high stock-status uncertainty (e.g. biomass (2006-2100), as a proportion of present
Eastern Arctic) could potentially be focal areas for the levels in relation to the average Hil in each 1° grid cell

. . . . . across the AOS. The top panel contains projections
incorporation of climate and ecosystem considerations. under the RCP2.6 strong mitigation scenario, and the

Alternatively, areas subjected to large climate changes bottom under the RCP8.5 worst-case scenario. Dark
that currently have low fishery landings (e.g. divisions OA,  blue points are projected trends that were statistically
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significant. Data sources list in Table 10.1 and Table

new fisheries and opportunities and to apply 102

precautionary and adaptive management. Whereas

climate and ecosystem considerations should be

incorporated into all Canadian fisheries, locations that have lower relative climate impacts
and that are less intensively fished (e.g. divisions 2G, 2H) could potentially be of lower
priority.
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Figure 5.7 Cumulative climate impacts in relation to fisheries productivity
and status across the AOS.

a) Sum of standardized historical and future climate changes across NAFO divisions and
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5.7 Key points

¢ Climate projections across the AOS under a worst-case emission scenario indicate
widespread surface warming and deoxygenation, and declining NPP, zooplankton
biomass, and animal biomass (but increasing in the Eastern Arctic).

¢ Novel climate conditions in surface temperature and dissolved oxygen have already
emerged from the background of natural variability in many locations within the
AOS.

¢ C(limate-driven changes in the AOS are projected to be abrupt and to occur in the
next 20-30 years, with the most rapid changes projected on the Scotian Shelf and
nearshore Newfoundland and Labrador.

e Fifty-five per cent of species in the AOS south of 45°N are projected to lose thermal
habitat by 2060, and 21% to gain habitat.

e Across the AOS, geographic patterns in the historical trends in total reported
fisheries landings (1960-2018) closely mirror those of projected future changes in
animal biomass (2006-2100).

e Under both emission scenarios, climate-projected declines in animal biomass would
be more severe in NAFO divisions that currently support the largest fishery landings,
a trend that has also been reported globally.

¢ Globally and across the AQS, climate-driven declines in animal biomass will be more
severe in areas that are presently more impacted by cumulative human impacts
(e.g. pollution), suggesting that climate effects on fisheries may be aggravated by
additional stressors.
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6. Incorporating climate change into fisheries management:
approaches and best practices
6.1 Summary

Evaluating the best practices to integrate climate change considerations into fisheries
management can be facilitated by thinking about the process of fisheries management and
what it entails. This report adopts the broad definition of fisheries management
established by the FAO as “the integrated process of information gathering, analysis,
planning, consultation, decision-making, allocation of resources and formulation and
implementation, with enforcement as necessary, of regulations or rules which govern
fisheries activities in order to ensure the continued productivity of the resources and the
accomplishment of other fisheries objectives” (FAO, 1997). Following this definition, a
generalized outline is presented, which depicts the main steps and processes that are used
to manage most marine fisheries (Figure 6.1). Regardless of the overarching management
objectives, principles, and priorities (red in Figure 6.1), be they, for instance, climate change
integration, an ecosystem approach to fisheries (EAF), or the precautionary approach to
management, the steps in the integrated management process are broadly similar and
vary only in the details of how each step is carried out. In brief, these steps include data
and information gathering (yellow in Figure 6.1), quantitative stock assessments,
knowledge generation and advice (green in Figure 6.1), decision-making (turquoise in
Figure 6.1), and implementation of tools and actions (blue in Figure 6.1). The extent to
which real-world fisheries are managed can substantially differ from this idealized process
depending on many factors. For instance, the uptake of scientific information into
management advice can be influenced by, for instance, governance models, political
regimes, the geographic region, information management cultures of science and
management domains, and personal and institutional interests and the interests of various
stakeholders (Delaney and Hastie, 2007; Wilson, 2009; Soomai et al., 2011; Cossarini et al.,
2014) in such a way that management decisions can be less science based.

Guided by the overarching management mandates and priorities for the fishery and
guidance from decision-makers, various data and information sources are used, in
combination with quantitative tools, to address key requirements and/or questions posed
by decision-makers about the state of the fishery and which actions are to be taken to
achieve the desired outcomes. Enforcement could be an additional step but is excluded
here as it is less relevant for climate change integration. The type of data and quantitative
tools used and the knowledge produced could vary substantially depending on the
information that is requested by decision-makers. For example, whereas EAF could require
ecosystem monitoring data and multispecies assessment models (Koen-Alonso et al., 2019),
dynamic management may instead require high-resolution remote sensing data and
mathematical forecasting models (Dunn et al., 2011, 2014; Lewison et al., 2015). The
structure of the decision-making process can also vary but generally involves the
translation of science and advice into the implementation of management actions and
tools. The last step involves the administration of various management actions and tools
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outlined by decision-makers to achieve the desired outcomes. While the details of these
steps can vary, they are, for the most part, generalizable across most fisheries, and differ
only in the type of data, quantitative tools, knowledge and advice required, decision-
making structure, and administration tools used. Importantly, this schematic explicitly
acknowledges that the choice of decision-making system and administrative actions taken
will very likely depend on the data and information collected and the way that they are
quantitatively processed. Thus, implementing climate and/or ecosystem considerations in
fisheries management will necessitate changes across several stages of this integrated
process.

Overarching objectives,

principles, and priorities

Guided by official mandate, policy, and
legal instruments

Examples: preventing overfishing,
ecosystem-based fisheries management,

climate change considerations,
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Figure 6.1 A generalized outline of the processes of fisheries management.

Colours and boxes depict the main steps and processes involved in managing fisheries. Arrows represent how
these processes are connected and the order in which they occur. Guided by the overarching objectives, principles
and priorities (red) and decision-makers (turquoise) request information and pose questions that lead to
information (yellow) being synthesized into advice (green). Lastly, decision-makers (turquoise) translate knowledge
and advice into management tools and actions (blue).

From the previous chapters, it should be clear that without adequately incorporating
climate change considerations, the effectiveness of fisheries conservation and
management will likely deteriorate, leading to reduced fisheries performance and missed
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opportunities as well as risks to vulnerable stocks (e.g. Figure 5.7). In response to this,
many fisheries agencies around the world are developing tools and approaches to
incorporate climate change considerations into their fisheries management frameworks.
One of the overarching objectives of these efforts is identifying climate-informed reference
points (Link et al., 2015; Busch et al., 2016). Reference points are critical thresholds used in
the decision-making process, including, for example, single-species estimates of maximum
sustainable yield (MSY), multispecies fishing rates, and thresholds for ecosystem-level
indicators. In Canada, they are also critical to the implementation of the precautionary
approach to fisheries management (DFO, 2006a). Currently, most assessments estimate
reference points using stock assessment models that assume that future natural variability
will reflect the range of conditions that have been observed in the past. However, as this
report has shown, climate change is creating novel conditions (e.g. Figure 5.4), and
reference points based on historical dynamics may not be accurate (Pershing et al., 2015;
Britten et al., 2016, 2017). There is no uniform consensus about how to optimally identify
climate-informed reference points or how to ensure that fisheries management strategies
are robust to climate change. However, most emerging approaches require a high level of
observational data and knowledge and feature common principles that are centred on
understanding if, how, and why climate change will impact species, which species will be at
risk, and how conditions will change in the future; incorporating risk and uncertainty,
ecosystem considerations, precaution, flexibility and responsiveness, and proactivity; and
enhancing capacity and resilience. This chapter will review these various aspects and
principles with the implicit understanding that no single approach is suitable for all
fisheries or circumstances. The information is summarized under the four primary
categories outlined previously: data and information gathering; quantitative stock
assessments; knowledge generation; and advice, decision-making, and implementation and
actions. A fifth category (management principles) outlines high-level concepts and
principles that can pervade all steps in the management process and increase the climate
readiness of fisheries management.

6.2 Overarching management objectives, principles, and priorities

Overarching management principles and approaches are often mandated in policy and
legislation but can also be informally incorporated into the management process as a
means of achieving these policy objectives. For example, whereas climate change is not
explicitly mentioned in Canada’s Fisheries Act, incorporating climate considerations into
management will be essential to meet its mandated objectives of ensuring healthy and
sustainable fisheries. However, a common feature of overarching management principles
and objectives is that they often supersede and encompass several steps in the
management process. The following section explores overarching objectives, principles,
and priorities that could facilitate climate change integration into the fisheries
management process.
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6.2.1 Minimizing abatable stressors and promoting healthy fisheries

The cumulative impacts of individual abatable non-climate stressors, including pollution,
overfishing, bycatch, and habitat alteration, can reduce the resistance and resilience of
species and ecosystems to climate change. When stressors occur simultaneously, they can
additively or synergistically act to amplify or attenuate the impact of a single stressor (Crain
et al., 2008; Poertner, 2010; Gruber, 2011), potentially increasing the severity of climate
effects on ecosystems and species. Reducing abatable stressors and instituting effective
and sustainable fisheries management can, in many instances, counter the deleterious
effects of climate change on fisheries productivity (Le Bris et al., 2018).

6.2.2 An ecosystem approach to fisheries

As this report has demonstrated, climate change will cause direct effects on species and
populations as well as a multitude of indirect effects that will cascade through the
ecosystem, impacting fisheries resources through complex pathways. As such,
incorporating climate change considerations into fisheries management will also require an
EAF and adopting the principles therein (e.g. Koen-Alonso et al., 2019). In brief, the FAO
states that “the purpose of an ecosystem approach to fisheries is to plan, develop and
manage fisheries in a manner that addresses the multiplicity of societal needs and desires,
without jeopardizing the options for future generations to benefit from a full range of
goods and services provided by marine ecosystems.” Therefore, “an ecosystem approach
to fisheries strives to balance diverse societal objectives, by taking account of the
knowledge and uncertainties about biotic, abiotic and human components of ecosystems
and their interactions and applying an integrated approach to fisheries within ecologically
meaningful boundaries.” EAF is conceptually similar to ecosystem-based fisheries
management (EBFM) but is broader in its scope, considering not only management but a
range of additional activities including, for instance, development, planning, and food
safety (Garcia et al., 2003).

6.2.3 Precautionary approaches

Climate change will introduce new sources of uncertainty to fisheries science and
management in situations where climate patterns and their effects on species are not well
understood. Erring on the side of precaution when uncertainty regarding the stock status
and climate impacts is high would provide a buffer against this uncertainty. Measures could
include lowering quotas or instituting moratoria until the uncertainty is reduced to
sufficient levels.

6.2.4 Enhancing ecological stability

There is evidence that targeted management actions aimed at facilitating particular species
or ecosystem functions (e.g. resilience) can be effective at minimizing the adverse effects of
climate change, and in some instances, amplifying the positive effects (Le Bris et al., 2015,
2018). For example, Le Bris et al. (2018) found that management initiatives to conserve
large female lobsters in the Gulf of Maine have led to higher resilience to ocean warming

67



and productivity of the lobster population there when compared to populations in adjacent
southern New England, where large individuals were less strictly conserved (Le Bris et al.,
2018). Without conservation measures to protect large lobsters and female reproductive
lobsters, lobster abundance in the Gulf of Maine would have increased by 242% rather
than 515%, as oceans warmed between 1985 and 2014 (Le Bris et al., 2018). Additional
studies also suggest that preserving large females can increase resilience to exploitation
(Le Bris et al., 2015) and reduce fluctuations caused by climate variability (Hsieh et al., 2006).
These results contribute to a growing body of research suggesting that protecting large
individuals and predators, in particular, can enhance the resilience of populations to
stressors, such as climate change and exploitation (Britten et al., 2014; Le Bris et al., 2015).
For example, the selective removal of large-bodied northern cod in Atlantic Canada
compromised the resilience of the population, precipitating the collapse that followed
several years of high exploitation and poor environmental conditions (Drinkwater, 2002).
Britten et al. (Britten et al., 2014) reported long-term declines in large predator fish
abundance due to overharvesting in a Mediterranean coastal fish community that was
associated with reduced stability (resistance, resilience, reactivity) in the ecosystem.
Harvest strategies based on fundamental biological principles, such as maintaining large
individuals and predators in the population, can therefore dampen negative effects of
perturbations such as climate change (Baum and Worm, 2009; Ferretti et al., 2010; Britten
et al., 2014; Le Bris et al., 2015; Gendron et al., 2019).

Biodiversity at genetic, species, and ecosystem scales has also been widely associated with
increased resilience and productivity in marine ecosystems (Johnson et al., 1996; Frank et
al., 2006, 2007; O'Gorman et al., 2008; Petrie et al., 2009b; Boyce et al., 2015b; Lefcheck et
al., 2015). Worm et al. (Worm et al., 2006) reported that declining species diversity had been
associated with increased resource collapse and exponential declines in population
recovery potential, stability, and water quality. In contrast, restoring biodiversity increased
ecosystem productivity fourfold and decreased variability by 21% (Worm et al., 2006).
Likewise, the erosion of spatial subpopulations has also been associated with reduced
stability and persistence of populations, rendering them more susceptible to
anthropogenic and environmental stressors (Ciannelli et al., 2013). Thus, avoiding species
collapses and associated ecosystem restructuring and preserving biodiversity diversity are
key elements in ensuring that fisheries are best positioned to withstand the deleterious
effects of climate change.

6.3 Data and information gathering

6.3.1 Ecosystem monitoring

As previous chapters have emphasized, climate change can affect species through a
multitude of direct and indirect pathways that can propagate through ecosystems.
Integrating climate change considerations will, therefore, require a broad, ecosystem-level
consideration (Table 4.1). Collecting frequent information related to environmental
conditions, including human impacts, and changes in predator and prey abundances and
incorporating this into fisheries management will be increasingly important as climate
change continues. Frequent field observations of climate change-relevant biophysical
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factors and habitat features, including water temperature, plankton, chemistry,
hydrography, and others, are necessary to understand how climate effects are being
manifest in marine ecosystems and to enable early-warning detection systems. Such
observations form the basis from which relationships between climate change and
fisheries can be formed and understood (Figure 2.1).

Monitoring has been vital to the effectiveness of traditional fisheries stock assessment
approaches and will become even more so under climate change, as the spatial
distribution, phenology, migration patterns, and trophic interactions of exploited species
may be shifting. Data sources that are long term will also be needed that can disentangle
natural variability from climate change and its impacts on fisheries. While progress has
been made within government agencies (Pepin et al., 2020), it is clear that a broader source
of knowledge can improve efforts to adapt to climate change. These requirements have
also led to the increased use of additional or non-traditional data sources such as digital
data rescue, environmental DNA (eDNA; Baillie et al., 2019), citizen science monitoring, and
traditional ecological knowledge (TEK) being used in fisheries management (Fairclough et
al., 2014; Dunmall and Reist, 2018; Fulton et al., 2019). For example, “Send Us Your
Skeletons” is an Australian citizen science program that asks recreational fishers to donate
fish skeletons that are then used to estimate age structures and conduct stock assessment
analyses (Fairclough et al., 2014). Redmap (Range Extension Database and Mapping project)
is another Australian citizen science program that allows citizens to log uncommon marine
species in order to identify geographic range shifts?. Technological advances (e.g.
smartphones, social networking, internet access) have increased the rate and scale of
information transfer, making such citizen monitoring/science programs a more cost-
effective and feasible option, particularly where traditional monitoring is less feasible, such
as in the Arctic (Dunmall and Reist, 2018). For example, “Arctic Salmon”? is a successful
citizen science program that monitors salmon species across the Canadian Arctic (Dunmall
et al., 2013). The program was developed by DFO in 2000, out of community interest in
monitoring the increasing harvest of Pacific salmon (Oncorhynchus spp.) in the Northwest
Territories. Through increased communication and outreach, the program was expanded
to the entire Canadian Arctic in 2011, and the mandate was expanded to explore the
geographic origins of harvested salmon, interactions with local fisheries, and the
identification of salmon species. Through the program, harvesters can voluntarily report
their salmon catch, provide samples for scientific study, and receive a financial reward for
their contribution. The project has led to an increased understanding of salmon population
dynamics, as well as how climate change is impacting salmon and Arctic ecosystems. The
program has demonstrated the potential value of citizen science, TEK, and co-management
in addressing data and knowledge limitations, particularly in large, remote areas. A similar
community-based monitoring program also exists in the Arctic to track the health of beluga
whales in the Tarium Niryutait Marine Protected Area and was expanded to also monitor
environmental variables including water temperature, salinity, and ice thickness (Niemi et
al., 2019). Likewise, the LEO Network* was created by the Alaska Native Tribal Health

2 https://www.redmap.org.au/
3 http://www.arcticsalmon.ca/
4 https://www.leonetwork.org/en/#lat=28.4904&Ing=80.9845&z00om=7
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Consortium in 2012 as a tool to help the tribal health system and local observers to share
information about climate and other drivers of environmental change in Canada and
elsewhere.

6.4 Quantitative stock assessments, knowledge generation, and advice

6.4.1 Climate-considered stock assessment models

Uncertainty pervades fisheries management at the best of times, but climate change is
introducing additional sources of uncertainty, such as changing spatial distributions and
productivity patterns, that will need to be considered when making management decisions.
As climate change continues to create novel and extreme climate and ecosystem
conditions, estimating baseline conditions and reference points for fisheries, which form
the basis for most fisheries management decisions, will become increasingly challenging
and uncertain. Consequently, assessment models will need to change to reflect
increasingly variable and novel climate conditions (Melnychuk et al., 2014; Britten et al.,
2016, 2017) as well as new and possibly unknown sources of uncertainty. Fortunately,
assessment methods are available that are better suited to such circumstances, and that
can evaluate dynamic changes in biological parameters and the robustness of different
harvest strategies to a broad range of assumptions and uncertainties (Chin et al., 2010;
Hobday et al., 2011; Le Bris et al., 2018).

Non-stationary stock-recruitment parameters and biological reference points

Whereas traditional assessment methods often assume that population parameters (e.g.
mortality, growth) and fishery attributes (e.g. selectivity, catchability) are temporally
stationary, there is growing evidence that such attributes can vary over time in response to,
for instance, temperature (McCarty, 2001; Walther et al., 2002; Genner et al., 2004), regime
shifts (Holbrook et al., 1997), the level (Pondella Il and Allen, 2008) and nature (Hilborn and
Walters, 1992) of exploitation, ecosystem factors (Tyrrell et al., 2011; Neira and Arancibia,
2013), and stock distribution (PETERMAN and STEER, 1981). Through a meta-analysis of 224
fish stocks, Szuwalski et al. (2015) reported that recruitment frequently varied over time
and was often more strongly driven by the environment than SSB. Britten et al. (2017)
evaluated 276 fish stocks using hierarchical models of dynamic stock productivity and
found that 68% of these exhibited non-stationary trends in their intrinsic rate of population
growth (r). The practical consequences of failing to account for productivity variation due to
climate or other factors is that estimates of biomass available for harvest can be biased,
leading to over- and under-exploitation. For example, prior to the collapse and fishing
moratorium of Atlantic cod in the Gulf of St. Lawrence in the early 1990s, catches remained
high even as realized surplus production became negative (Britten et al., 2017). Through
the use of time-varying estimation of r, long-term declines in surplus production and
sustainable yield were identified (dashed lines in Figure 6.2), whereas static methods did
not (Figure 6.2). In this situation, the use of static models led to systematic over- and
underestimates of biomass, and to periods of silent over- and underfishing (red and grey
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shading in Figure 6.2b). Consequently, fisheries models with time-varying parameters are
increasingly used, particularly as an approach to incorporating climate variability and
change (SCHNUTE, 1994; Peterman et al., 2000; King et al., 2015; Britten et al., 2017).

Approaches to achieving this vary in complexity and are situational but, in general, seek to
more dynamically adjust stock-recruitment parameters and biological reference points as
the environment and stock status changes. For example, species in the eastern Bering Sea
experience alternating regime shifts driven by the Pacific Decadal Oscillation (Hare and
Mantua, 2000) and reference points for snow crab (Chionoecetes opilio) are estimated only
after a climate shift has occurred (Szuwalski and Punt, 2013). In California, Pacific sardines
(Sardinops sagax) have been found to be more productive when ocean temperatures are
near 17.5°C (JACOBSON and MACCALL, 1995), and simulations indicate that lower harvest
rates during cold periods could have mitigated the sardine collapses that occurred in the
1950s (Lindegren et al., 2013). Based on these findings, ocean temperature has been
incorporated into the harvest rule for sardines such that a larger fraction of the available
stock is allowed to be harvested in warmer rather than colder years, though never more
than 15% or less than 5% (Pinsky and Mantua, 2014). In other situations, time-varying
parameters (e.g. growth, recruitment, mortality) are incorporated using more complex
analytical methods with parameters allowed to vary over time according to a random walk
process or Kalman filter (SCHNUTE, 1994; Peterman et al., 2000; Britten et al., 2017).

Such time-varying approaches rarely incorporate climate or ecosystem information
directly. Instead, they statistically estimate the time-variation in biological parameters that
may be related to changing climate, ecological conditions, exploitation regimes, or other
factors. Thus, they can facilitate the examination of biological and fisheries characteristics
at climate-relevant scales, regardless of the actual impacts (if any) of climate change. In this
respect, they are immensely appealing; they can potentially evaluate fishery changes
dynamically, regardless of the factors driving them. They are also relatively cost-effective
and straightforward to implement. With sufficient monitoring data and technical
knowledge, dynamic assessment models could be rapidly implemented across most
fisheries (Britten et al., 2017). Despite these advantages, time-varying estimation
approaches are also limited in some important respects. For example, climate-driven shifts
in species distribution or phenology would likely be identified as, for instance, declining
productivity when in fact productivity has merely been displaced spatially or temporally.
Interpreting and communicating management recommendations under dynamic reference
points can also be challenging and counterintuitive due to the complex interplay between a
stock’s status (e.g. SSB), relative to a dynamic productivity regime. For instance, declining
SSB trends may trigger a reduction in quota if it falls under the fixed limit reference point,
yet if the environmental productivity regime and corresponding limit reference points have
also increased, the quota can potentially be increased even though SSB is in decline.
Evaluating climate changes and its impacts may identify important biological changes that
are not captured by time-varying estimation routines. Additional information, including, for
instance, spatial indicators of changing distribution, may therefore be particularly
important to supplement time-varying estimation approaches. Itis also unclear how
reliable such time-varying approaches are when time-series are short or when biological
parameters change in a dynamic and simultaneous manner. While simulation analyses
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have shown that such time-varying approaches can outperform those that are time
invariant, their performance in real-world settings has not been rigorously evaluated. The
usefulness of dynamic models would be strengthened by coupling them with detailed
ecosystem monitoring data and knowledge of climate effects. Ideally, such time-varying
estimation approaches can be combined with those that also directly incorporate climate
and ecosystem considerations while evaluating risk and uncertainty, such as management
strategy evaluation (MSE; see below).
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Figure 6.2 Example of non-stationary productivity in Atlantic cod
from the Southern Gulf of St. Lawrence in Canada, NAFO Division

4TVn.

(a) The annual surplus production (circles are observed values, Bops; the solid
line is the biomass predicted from a model with fixed r, denoted Bsixed; and the
dashed line is the biomass predicted from the non-stationary model, Br). (b)
The theoretical maximum sustainable yield (crosses are recorded catches).
Grey shading indicates when productivity is higher than would be predicted
based on a static productivity model (potential underfishing), and red shading
indicates lower-than-expected productivity that would promote overfishing.
Source: (Britten et al., 2017)
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Multispecies stock assessment models

Due to the complex pathways by which climate impacts individual species, incorporating
climate change considerations into management will also require the inclusion of EAF
principles. In addition to broader ecosystem-scale monitoring, stock assessment modelling
approaches that incorporate such data will be important to supporting EAF. Multispecies
models that can incorporate species interactions in the dynamics of ecosystems
simultaneously have existed since the early 1980s and are becoming important tools used
to support EAF (Plaganyi, 2007) and to understand the impacts of perturbations on
ecosystem structure and population dynamics. Such models vary in their approaches and
levels of complexity. Whole ecosystem models such as Ecopath with Ecosim (Christensen
and Walters, 2004) or Atlantis (Fulton et al., 2004), are time-consuming and labour intensive
to construct, as they require detailed information of abundances, predation rates, and
other biological parameters for individual species that are often acquired through diet
studies or the literature. Whole ecosystem models are useful in understanding possible
mechanisms governing ecosystem dynamics and testing management scenarios (Fulton et
al., 2014; Weijerman et al., 2016) but are less appropriate for supporting tactical
management advice (Trijoulet et al., 2019). To support EAF and provide fisheries
management advice, statistical multispecies stock assessment models are a more
appropriate and common approach. Such models are of intermediate to moderate
complexity, and are question-driven, focusing only on components of the ecosystem that
are relevant for addressing management questions (Plaganyi et al., 2014). Multispecies
assessment models range from simple deterministic Multispecies Virtual Population
Analysis models (Tsou and Collie, 2001) to more complex multispecies statistical catch-at-
age models (Jurado-Molina et al., 2005; KINZEY and PUNT, 2008; Curti et al., 2013). For
example, the Globally applicable Area-Disaggregated General Ecosystem Toolbox (Gadget)
is a flexible statistical framework developed to dynamically model complex marine
ecosystems within a fisheries management context (Howell and Begley, 2004; Plaganyi,
2007; Pérez-Rodriguez et al., 2017). Gadget has been used to incorporate EAF into fisheries
around the world (Taylor and Peck, 2004; Lindstrem et al., 2009; Andonegi et al., 2011;
Bartolino et al., 2011; Elvarsson et al., 2018). Another multispecies model, the Climate
Enhanced Age-based model with Temperature-specific Trophic Linkages and Energetics
(CEATTLE), is used in the annual Bering Sea walleye pollock (Gadus chalcogrammus)
assessment (Holsman et al., 2019b). CEATTLE includes temperature-dependent weight-at-
age functions and temperature-specific predation interactions to evaluate fishing impacts
and mortality under different climatic scenarios. Such multispecies models can be applied
both as stock assessment models and as operating models in MSEs (read below). Where an
ensemble of multi-species or food-web models are available, multi-model approaches can
be adopted to reduce the uncertainty associated with single model projections and obtain
more comprehensive predictions.

Incorporating multispecies dynamics via such models is important to fisheries
management and for understanding climate and exploitation impacts on ecological
dynamics. For example, it has been widely shown that predation is, in many cases, a more
significant driver of mortality than fishing (Bax, 1998; Jennings et al., 2001; Pérez-Rodriguez
et al., 2017) and that failing to consider trophic interactions can lead to overestimates of

73



yield per recruit (Pinnegar et al., 2008) and reduced predictive ability. However, despite this
and the increasing availability of multispecies models, their use in fish stock assessments
remains rare (Trijoulet et al., 2019). The inclusion of multispecies models in fisheries
management is likely hindered by the higher degree of ecosystem data and technical
expertise required to run them. For instance, such models often require detailed diet,
demographic, and other data for multiple species (Trijoulet et al., 2020). Further, defining
optimal yield in a multispecies setting is more complex than for single species, and it is not
often possible to maximize the yield of several species simultaneously (Gaichas et al., 2012;
Moffitt et al., 2016). Notwithstanding, EBFM approaches based on multispecies assessment
models have been reported to mitigate adverse climate change impacts on fisheries in the
near-term and may thus be an effective climate adaptation strategy in many situations
(Holsman et al., 2020).

Management strategy evaluation

MSE is a quantitative modelling approach that embodies the principles of uncertainty and
risk management in the estimation of climate-considered reference points and harvest
strategies. The approach is now capable of incorporating climate forecasts and ecosystem-
based considerations. MSE has been used in marine management since the early 1990s but
is now becoming more widely used as an approach to implement management procedures
that, through simulation, can be shown to be robust to a range of uncertainties associated
with data limitations and other factors (Goethel et al., 2019). MSE is a flexible modelling
framework that allows scientists and stakeholders to assess the robustness of different
management actions to a range of uncertainties related to the species, ecosystem, model
architecture, or other factors. A defining feature of MSE is the quantification of uncertainty
and the robustness of the management strategy to this uncertainty. The approach relies on
operating models, which are analogous to stock assessment models, and this similarity
may contribute to the rapidity and ease with which MSEs are being adopted in fisheries
(e.g. Puntetal., 2014, 2016). However, MSEs offer advantages over traditional stock
assessment models. As shown by Plaganyi et al. (2013), rather than relying on a single
assessment model, MSE approaches can be used to consider an ensemble of plausible
models, thereby enabling consideration of some critical biological uncertainties (e.g. nature
of the stock-recruitment relationships, level of natural mortality), as well as those related to
the likelihood and consequences of climate change and other factors.

To achieve ecosystem and multispecies objectives, MSE can be implemented using
multispecies models that incorporate species interactions and the effects of changing
environment on them (Sainsbury et al., 2000; Smith et al., 2007; Dichmont et al., 2008;
Plaganyi et al., 2013; Merino et al., 2019). Similarly, uncertainties related to past or future
climate changes can be evaluated within MSE by inputting observed or forecasted climate
time-series under different emission scenarios (Merino et al., 2019). MSEs vary in
complexity and realism. They range from fully coupled biophysical models of regional
ecosystem responses to climate change to climate-informed single- or multispecies
projection models. Fully coupled ecosystem models estimate species interactions in space
and time using ecological principles of bioenergetics, size-based dynamics, predation, and
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the probability of prey encounter. Examples of these include size-spectrum models, food
web models, and individual-based models. Climate-informed single- or multispecies
models use time-series of physics, prey availability, predation, and bioenergetics to inform
functional responses, model parameterizations, covariates, and model structure to make
future projections. For example, Amar et al. (2009) used MSE to explore the effect of
incorporating climate change factors dynamically in the management of walleye pollock
(Gadus chalcogrammus) in the Gulf of Alaska. This approach allows specific climate change
metrics that are deemed to be important to population structure to be quantitatively
included in the estimation of population dynamics and subsequent management strategy
optimization. Whereas the benefits of including temperature or other climate factors in
MSE models for walleye pollock and other gadoids is reportedly low, the approach has
been effective in other marine fisheries. For example, MSE studies have been used to
determine how the stock-recruitment relationship for Pacific sardine (Sardinops sagax)
changes with SST. Based on this, the average SST during the most recent three years is
used to establish the proportion of the sardine population biomass that will be used as the
acceptable biological catch for the next year (PFMC, 2007).

This power and flexibility may be the reason why MSE is often touted as a solution to
meeting current objectives in fisheries management, such as incorporating climate change,
ecosystem-based considerations, and the precautionary principle (Goethel et al., 2019).
Attesting to this, the use of MSE is growing (Punt et al., 2016; Goethel et al., 2019). MSEs
have been routinely used to manage fisheries in South Africa for over 20 years (Punt et al.,
2016) and are currently used to set quotas for several species, including anchovy (Engraulis
encrasicolus), sardine (Sardinops sagax), Cape hake (Merluccius paradoxus), rock lobster
(Jasus lalandii), and horse mackerel (Trachurus trachurus capensis); (Punt et al., 2016). MSE
has also been used to manage a range of species including, for instance, southern bluefin
tuna (Thunnus maccoyii; Polacheck, 1999), sockeye salmon (Oncorhynchus nerka;
Cunningham et al., 2019), and rock lobster (Starr et al., 1997), and to evaluate a bycatch
management rule for seabirds (Tuck, 2011). In Canada, MSEs have been used to manage
sablefish (Anoplopoma fimbria) in the Pacific (Cox and Kronlund, 2008), and Greenland
halibut (Reinhardtius hippoglossoides; Butterworth and Rademeyer, 2010) and pollock
(Pollachius virens) in the Northwest Atlantic (Rademeyer and Butterworth, 2011).

Risk-based approaches

Recently, Duplisea et al. (2020) introduced a risk-based approach to incorporating climate
change considerations into fisheries management in Canada. Through the framework,
accounting for climate change in advice involves what the authors refer to as “climate
change conditioning of science advice” (CCCA), in which climate change variables are
identified and related to the risk assessment component of advice through assumed
modelled response dynamics. The CCCA approach requires information on how the
environment affects the productivity dynamics of a resource and takes climate change into
account when estimating the probability that an objective is being met, such as a
population being above its target. The CCCA approach is based on the risk equivalency, the
concept of making management decisions of equal risk, despite differences in, for instance,
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data availability, resource dynamics, knowledge, assessment methods, and advisory
contexts. Risk equivalency is intended to lead to a standardized application of risk in
decision-making. The equivalency operates by factoring in ‘buffers’ to the advice such that
with increasing risk, the recommended level of activity decreases. The approach introduced
by Duplisea et al. (2020) seeks to adapt DFO's precautionary approach framework such that
guiding reference points are conditioned for the effects of climate change on population
parameters (non-stationarity in production). Environmental variable(s), together with a
baseline environmental reference(s), are used to track environmental trends and thus
condition the risk of resource use on the deviation of the environment from its baseline.
However, such baselines are notoriously difficult to estimate and interpret due to natural
environmental variability and cycles, a lack of long-term observations, and non-stationary
dynamics (Baum and Myers, 2004; Saenz-Arroyo et al., 2005; Bunce et al., 2008; Knowlton
and Jackson, 2008). Estimating such baselines would require long time-series that are
notably lacking for many climate and/or fisheries variables in Canada and elsewhere. The
authors suggest that information regarding baseline conditions can be derived from
experiments of independent studies, yet it is not immediately apparent how this would
work. The risk posed by climate change is ultimately represented by a risk profile—often
visualized as the human activity to be managed (e.g. fishing) versus the probability of
meeting a management objective (e.g. B/BMSY). The risk profile and associated climate
conditioning factor are either estimated or approximated by comparing different model
scenarios with different assumptions about resource dynamics dependence on the
baseline climate conditions. Should the climate conditioning factor be >1, maintaining risk
equivalency would require reducing the level of human activity accordingly and vice versa.

Although risk-equivalency approaches have been applied in the management of Australian
fisheries and in the US (Fulton et al., 2016), they are less common than other approaches
discussed previously, and their efficacy has yet to be rigorously evaluated. One clear
advantage of such an approach is that the effects of uncertainty introduced by climate
change on fisheries are couched in risk-based advice, which is already common in DFO
management advice. Further, with good knowledge about the effects of climate change on
the dynamics of a stock and good long-term data, implementing CCCA appears to be a
feasible approach. However, such situations are far from the norm, and it is not clear how
CCCA would proceed in these situations. Many fisheries in Canada and elsewhere are data
deficient, and obtaining reliable long-term time-series needed to derive baseline conditions
would be extremely challenging, particularly in overfished systems and where synoptic
observations were required. Similar to MSE (discussed next), CCCA evaluates climate
change in terms of risk, but it is not clear what advantages CCCA offers over the more
widely used and perhaps flexible MSE.

6.4.2 Climate vulnerability of fisheries

Understanding whether and how strongly climate change will affect a fishery is of
fundamental importance to the management of that fishery. Climate change can have a
range of impacts on exploited species, ecosystems, and coupled human communities
across a range of scales. Our current scientific understanding suggests that these effects
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will not be uniform or consistent across species or ecosystems—there will be winners and
losers, and some areas will experience gradual change while in others, change will be
abrupt (Table 4.1 & Table 4.2). Further complicating matters, some species may experience
positive effects of climate change in one habitat and life history stage of their development
and a negative effect in another habitat or life stage. Climate change vulnerability
assessments seek to understand how different species, and in some instances, coupled
socio-economic systems, will respond to climate change (e.g. Pacifici et al., 2015; de los Rios
etal., 2018; Foden et al., 2019). There is a general consensus that the vulnerability of a
species depends on its exposure, sensitivity, and adaptive capacity to climate change
(Adger et al., 2005; IPCC, 2007; Lindegren and Brander, 2018); Figure 6.3). Exposure
depends on the magnitude and severity of climate change to which the species will be
subjected, sensitivity on the probability of adverse effects of exposure on the species, and
adaptive capacity on the response of the species to any adverse effects of exposure. To
date, over 743 climate vulnerability assessments have been published (de los Rios et al.,
2018), yet there is currently no consensus on how to quantify vulnerability in a
standardized and objective manner, and assessments are often undertaken ad hoc (Pacifici
et al., 2015). Notwithstanding the lack of an accepted approach, vulnerability assessments
have been an area of priority focus for intergovernmental organizations (IPCC, 2007, 2014)
and are now being used by fisheries managers to incorporate climate change
considerations into the management of marine resources. For example, climate
vulnerability assessments have been included as a priority in the Fisheries Climate Science
Strategy of the US NMFS as a tool to inform research and management activities related to
understanding and adapting marine fisheries management to climate change (Busch et al.,
2016). In response, a vulnerability assessment methodology has been developed by the
NMFS (Morrison et al., 2016) and has been used to explore the vulnerability of marine
species on the Northeast US Shelf (Hare et al., 2016). The vulnerability estimates are used
by decision-makers to identify priorities for scientific and management efforts in order to
implement proactive management measures, reduce impacts, increase resilience, and
advance the adaptive capacity of fisheries. Importantly, vulnerability assessments depend
on knowledge from field and laboratory studies to reduce uncertainties about the
tolerance, adaptive capacity, and response of species to climate change. However, once
acquired, this information can together also form a pool of knowledge to be used for
developing additional climate change management strategies (e.g. Duplisea et al., 2020).
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6.4.3 Climate forecasts and

projections
Exposure The use of climate forecasting and
Masnitade of cllmac projecting to understand how climate
effects experienced change will be manifest on species and

ecosystems is growing. The difference
between projections and forecasts is
subtle: whereas projections explore
possible future outcomes under

change different climate scenarios, forecasts
represent the expected future
outcomes based on realistic
assumptions and expectations. In
consequence, forecasts are often
restricted to shorter time intervals (e.g.
weeks, months) and spatial domains
(e.g. local, regional) than are
projections (Figure 6.4). As discussed in
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Response to climate Vu‘ne rabl"tv

Figure 6.3 Climate change vulnerability. Chapter 6, through the use of GCMs,
The vulnerability of species to climate change is defined ESMs, and MEMs, the impacts of
by its exposure (blue), sensitivity (red), and adaptive climate changes on the physics,

capacity (yellow). Source: Adapted from (IPCC, 2007, 2014) biogeochemistry, and ecology can be

projected into the future under different emissions and exploitation scenarios. Through
organizations such as the CMIP and the Fisheries Model Intercomparison Project, such
model outputs are publicly available in a standardized format, allowing them to be
compared and combined. These coarse-resolution, long-term global climate projections
often operate over decades to centuries and are increasingly considered in ocean
management settings (Maxwell et al., 2015; Barange et al., 2018). Such models are used in
MSEs (read below) to evaluate the robustness of different management approaches to
projected future climate conditions and exploitation regimes (Chin et al., 2010; Hobday et
al., 2011; Le Bris et al., 2018). As discussed previously, the models are also frequently used
to estimate the future climate exposure of species as part of species vulnerability
assessments (Stortini et al., 2015; Hare et al., 2016; Morrison et al., 2016; Greenan et al.,
2019). Additionally, the models are useful for long-term strategic planning, industry
changes, and infrastructure considerations.

However, to be more applicable to on-the-ground fishers and managers, climate
projections need to be available at high spatial resolutions and appropriate time-scales and
be locally validated (Figure 6.4). While far-future projections are useful for longer-term
strategic planning, and short-term forecasts influence immediate tactical decisions of when
and where to fish (Dell et al., 2011), seasonal projections are made over weeks to months
(Spillman and Alves, 2009) and are currently used in fisheries to proactively reduce
uncertainty and manage risks (Hobday and Hartog, 2014). Seasonal forecasts can be made
using statistical approaches that use historical data or dynamical approaches that do not
assume a constant climate baseline and often perform better under climate change
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(Spillman, 2011; Hobday et al., 2016). Such seasonal forecasts have been and are being
used in the management of several fisheries in Australia. In all such instances, the
Australian Bureau of Meteorology seasonal environmental forecast model, known as the
Predictive Ocean Atmosphere Model for Australia (POAMA?®) is used. POAMA is based on a
coupled ocean-atmosphere model and an ocean-atmosphere-land observation
assimilation system (Alves et al., 2002; Spillman, 2011). The skill and performance of the
model have been intensively vetted (Spillman and Alves, 2009; Spillman, 2011; Marshall et
al., 2012; Charles et al., 2015; Bixby et al., 2019). The output from POAMA is being used to
provide real-time early-warning forecasts of environmental risks for coral bleaching prior to
summer, allowing managers to focus monitoring efforts and implement strategies to
minimize reef damage (Maynard et al., 2009; Spillman and Alves, 2009; Spillman, 2011).
Alternatively, POAMA forecasts are being used to construct habitat distribution maps for
marine species, which can then be used in management (Hobday et al., 2011).
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Figure 6.4 Time-scales at which information on climate projections and forecasts
are relevant. Source: (Hobday et al., 2016)

Climate forecasting is critical to the management of southern bluefin tuna (SBT; Thunnus
maccoyii) in eastern Australia. SBT makes winter migrations to the Tasman Sea off
southeastern Australia, where it is vulnerable to the year-round tropical tuna longline
fishery (Eastern Tuna and Billfish Fishery). Managers seek to minimize SBT bycatch in this
fishery through spatial restrictions. Since 2003, a temperature-based habitat model
(Hobday and Hartmann, 2006) has been used to estimate current SBT distribution
(nowcast), allowing managers to make decisions about where to place management
boundaries. During the fishing season, real-time reports of the predicted location of SBT
habitat are made, allowing managers to dynamically set management boundaries to
reduce unwanted catch (Hobday, 2010). Since 2011, POAMA temperature forecasts have
also been used to generate SBT forecasts 3-4 months ahead of time (Hobday et al., 2011).

5 http://www.bom.gov.au/climate/poama2.4/about-POAMA-outlooks.shtml
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These habitat maps are used by managers to proactively prepare for the upcoming season.
The projections are sent via email to fishery managers and fishers. POAMA forecasts are
also used to manage the SBT fishery in the Great Australian Bight. The fishery captures
juvenile SBT via purse seine and tows them to Port Lincoln, where they are grown for
several months before harvest. POAMA temperature forecasts have been combined with a
habitat model to forecast the spatial distribution of larval SBT up to 4 months in advance.
The forecasts are available to users through a private website and are used by fishers to
plan where to fish. Since the fishery is managed under a quota, the forecasts do not affect
the quantity of SBT landed, but may improve the efficiency of fishing operations (Hobday et
al., 2016). Lastly, the POAMA forecasts are being used to manage aquaculture operations
such as tiger and banana prawns in Queensland and Atlantic salmon (Salmo salar) in
Tasmania. Aquaculture farmers use the POAMA forecasts to plan when to stock and
harvest their ponds, determine optimal feed mixes, implement disease management
strategies, modify labour needs, and manage market expectations (Hobday et al., 2016).

Notwithstanding the many challenges of climate forecasting, the potential benefits are
substantial, as it offers a tangible means of incorporating climate change considerations
into fisheries management proactively. Climate projections that are coupled to single-
species models have shown that climate will affect the reference points used in
management (Link et al., 2008; Hollowed et al., 2009), and the output from such models is
being used to set catch levels, develop species recovery plans, and understand the impact
of specific actions on fisheries (Link et al., 2015). They are also useful to identify indicators
that may be used as early warnings of rapid or impending changes to fisheries, habitats,
and ecosystems. For example, climate change is causing many species to shift their
geographic distributions more rapidly than their fisheries, in some cases enabling stocks to
increase at their leading edges in response to low exploitation rates while causing decline
at their trailing edges due to excessive exploitation (Pinsky and Fogarty, 2012). By
considering the interactive effects of climate change and fishing in tandem, such climate
and ecosystem coupled models represent a powerful tool for evaluating the multiple
complex effects of climate change on fisheries. For this reason, forecasting is incorporated
in the management of salmon fisheries in Canada (e.g. DFO, 2012¢, 2016) and additional
species elsewhere and is included as a primary objective of the NMFS Fisheries Climate
Science Strategy for integrating climate change considerations into their fisheries
management (Busch et al., 2016). Importantly, the efficacy of projecting and forecasting in
fisheries management depends heavily on the availability and skill of models. However, as
Australian fisheries demonstrate, once an operational model is established, it can be
applied for a range of ocean management purposes (Hobday et al., 2016). Lastly, coupling
social and economic models to climate models could provide a means of understanding
how possible climate scenarios could impact human communities and economies. For
example, NOAA has developed a set of Community Social Vulnerability Indicators of fishing
community vulnerability and resilience to enable evaluation of the impacts of climate
change and management responses on social factors (Colburn et al., 2016).
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6.4.4 Climate change research

To fully integrate climate change considerations into fisheries management, a foundational
understanding of the mechanisms by which climate change effects are transmitted to
marine ecosystems, habitats, species, and fish stocks, as well as humans, is required. If
integrating climate change into fisheries management was viewed as a house, process-
based research would be the foundation upon which it rests. Virtually all of the climate
change tools discussed in this report require some level of understanding of how species
and ecosystems will respond to climate change. This knowledge is important to achieving
specific goals (e.g. climate-considered harvest rules) as well as understanding the factors
influencing the resilience and adaptive capacity of fisheries. For example, incorporating
climate change considerations into forecasting or fisheries models requires a foundational
mechanistic understanding of how climate variables affect the growth and mortality of
marine species. Such understanding can be achieved through process-based research,
such as physiology studies conducted via experimentation in the laboratory or in the field
to understand how and why species, ecosystems, and coupled human systems are affected
by climate change (e.g. Frommel et al., 2012). While the benefits of process-based research
for applied management can sometimes be difficult to quantify, it contributes important
information to the stock assessment process and ought to be prioritized to incorporate
climate readiness into fisheries management. Such information should also be evaluated in
the context of socio-economic factors to understand how climate-driven ecological and
fisheries changes will propagate to coupled human systems.

6.5 Decision-making

The different strategies and structures of decision-making are often equated with and used
to define the more integrated process of ‘fisheries management.’ This is understandable, as
the decision-making stage is at the heart of the management process, where knowledge
and advice are translated to the implementation of management tools and actions. A range
of fisheries decision-making structures exists (Table 6.1). These range from community-
based models to various forms of co-management that feature degrees of flexible,
cooperative management between the government and various stakeholders. Each
decision-making structure offers a unique set of advantages and disadvantages, making
them relevant for climate change integration in different ways. However, there is little
consensus on which are most appropriate for incorporating climate change and/or
ecosystem considerations. For example, through a survey of practitioners and literature
review, Ogier et al. (2016) evaluated how several decision-making structures (‘management
approaches’) facilitated climate change adaptation in Australian fisheries. Based on both
theory and survey results, the study suggested that the various decision-making structures
examined were equally well equipped to enable adaptation to threats and opportunities
arising due to climate-driven change. Consequently, there is little reason to recommend
one decision-making structure over another in the context of climate change adaptation.
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Table 6.1 Overview of common decision-making structures used in fisheries management and their relevance to climate change

implementation.
The table was modified from Ogier et al. (2016).

Definitions

Advantages

Disadvantages

Relevance to climate change
adaptation

Community management

e Fishers are given the opportunity
to manage their own resources;
define their needs, goals, and
aspirations; and make decisions
affecting their well-being )
(Pomeroy, 1994).

e Since community-based )
management encompasses many
different management situations
in which natural resources, whole
ecosystems or territories are
‘owned’ and managed by local
groups, there is no general
definition available (Gorris, 2016).

Co-management (instructive,

consultative, cooperative, advisory, .

informative):

e “An arrangement where
responsibility for resource
management is shared between
government and user groups” (Sen

Effectiveness and equity.
More economical.

Sense of ownership, promoting
long-term sustainability.

Feasible option for nations with
weak state institutions.

Leverages knowledge and
expertise of local communities
and individuals who have a
vested interest in good
management.

Important alternative to
centralized management
systems, which have often failed
to conserve fish stocks and
protect vital habitat, and to
support the residents of coastal
communities that depend on
them (Pomeroy, 1994).

Improvements in the legitimacy
and efficiency of governance
processes and management
functions (Singleton, 2000),
including improved acceptance
of climate change adaptation
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Difficult to develop and
enforce rules.

Lack of rigorous data and
analyses on state of fishery.

Lack of coordination between
the local community and
government actors (Gorris,
2016).

Lack of government
resources (e.g. data
collection, enforcement).

Can exacerbate existing
power imbalances (Berkes,
2007).

Over-representation of
extractive interests can

¢ Flexibility provides potential
for rapid response to climate-
driven changes in the fishery.

e Empowers stakeholders
through shared responsibility
(Pomeroy et al., 2011).

e Provides a platform for
conflict resolution and
negotiation of trade-offs
(Carlsson and Berkes, 2005).



and Nielsen, 1996). Support for co-
management derives from the
recognition of the limits of
government action. It differs from
community-based management in
that government is involved in
decision-making about fisheries
management.

Adaptive management:

Concerns the facilitation of
learning from management
decisions and feedback of those

strategies and reduced costs for
government.

Governance benefits include
more appropriate, efficient, and
equitable processes through
decentralization of resource
management decisions,
encouragement of stakeholder
participation, and fostering of
conflict resolution (Pinkerton,
1989).

Management functions of long-
term planning and inclusive
decision-making may be
enhanced by co-management
approaches (Pinkerton, 1989).

Potential for systematic learning
and innovation under conditions
of uncertainty (Berkes, 2007).

Empowerment and responsibility
shared with industry.

Balancing of social and economic
considerations with those of
ecological (according to industry).

Encourages stakeholder
participation and facilitation of
conflict resolution.

Learning is central to co-
management's value as an
adaptive strategy (Nielsen et al.,
2004).

Addresses the challenge of
operating with impartial
knowledge and allows progress
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overwhelm non-use values .
(Okey, 2003).

Resource management

agencies can be captured .
by private interests

(Singleton, 2000).

Some resource user groups
may lose their customary
access (Agarwal, 1997).

State power can be

extended unintentionally

into communities

supposedly being

empowered by co- o
management (Okey, 2003).

Local and national priorities
may conflict (Jones and
Burgess, 2005).

Expectations for
participation and
empowerment may be
unfulfilled (Nielsen et al.,
2004).

Weakened focus on
ecological system (target
species issues dominate).

Without strong institutional
forms, co-management
arrangements can fall apart
with large numbers and
highly diverse commercial
operators (Haward, 2000).

Learning may become o
quickly outdated.

Passive adaptive
management can move a

Involves systematic learning
and innovation (Berkes,
2007).

Builds capacity and
empowers stakeholders
through shared
responsibility (Pomeroy et
al., 2011).

Collaborative engagement
improves acceptance of
climate change adaptation
strategies (Berkes et al.,
2001).

Enhances long-term
planning (Pinkerton, 1989).

Provides flexibility to cope
with complexities imposed
by increased change and
variability (Nielsen et al.,
2004; Mcllgorm et al., 2010).

An iterative process that
reduces uncertainty in a
goal-oriented and structured
process (Allen et al., 2011).



lessons in following rounds of
decision-making (Doremus, 2002).

Emphasizes structured learning by
doing (Allen et al., 2011).

Active adaptive management:

A more responsive form of
adaptive management (Allan and
Curtis, 2005), in which the
relationship between
management and learning is
interactive and highly coupled.

Management is an iterative
process of experimentation, re-
experimentation, and continuous
hypothesis generation and
testing, which guide decision-
making.

Active adaptive management
“involves a process of active
learning, planning, evaluation and
judgment about the socio-
economic-ecological environment

in the absence of complete
information (Doremus, 2002).

Involves continual review of
management outputs and
outcomes and allows for
adjustments in response to new
information.

In cases where there is cost
recovery, can allow for new
research to address new
questions (vs. closure, in the case
of incomplete information).

(See strengths as listed for
adaptive management)

The relationship between
management and learning is
interactive and highly coupled
(Allan and Curtis, 2005).

Incorporates features consistent
with maintaining the
sustainability of fisheries in the
context of uncertainty,
limitations on knowledge, and
high levels of system complexity:

o Management activities are
specifically designed to test
hypotheses through
ecosystem-scale holistic
experiments.
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system to a threshold

where abrupt change

occurs (McDonald and
Styles, 2014).

Monitoring may be focused
on compliance and not
learning (Fletcher, 2006).

Areas of application may be
limited (Roe, 2001).

Considerable
implementation problems
exist (Keith et al., 2011).

Application best limited to
ecosystems where human
influence is evident but not
heavy and restoration of
ecological functions and
processes have the most
potential (Roe, 2001).

Can be less participatory if a
high-level analytical
framework is used (e.g.
MSE).

Continuous hypothesis
generation and testing,
which guide decision-
making, can reduce security
and stability of the operating

Accounts for system
complexity by integrating
ecological, social, and
economic drivers
(Gunderson et al., 2008).

Better able to deal with
change through managing
for both short- and long-
term impacts (Lester et al.,
2010).

Provides platform for review
and adjustment of
strategies.

Accounts for complexity by
considering multiple sectors
and policies (Berkes, 2012).

Embraces complexity,
variability, and uncertainty
(Arvai et al., 2006).

Provides platform for active
social learning through
experimentation, re-
experimentation, hypothesis
generation, and testing
(Allan and Curtis, 2005).

Encourages diverse inputs
of knowledge and
experience through
mechanisms for multi-
stakeholder involvement
(Grafton et al., 2007).

Embraces ecosystem-scale
and system complexity
(Grafton et al., 2007).



and the effects of key decision
variables” (Grafton et al., 2007).

Adaptive co-management:

A matured state of co-
management arrangement
(Berkes, 2009), linking the
iterative learning aspects of
adaptive management with the
shared management
responsibility of co-management
(Olsson et al., 2004) and concerned
with ecosystem dynamics
(Kofinas, 2009).

At least five variables have been
identified as most characteristic
of adaptive co-management:
learning, knowledge, networks,
shared power, and organizational
interactions (Plummer et al.,
2012).

As much concerned with the
social, institutional, and ecological
dimensions of resource
management as with the resource
itself.

o Complexity is embraced.

o Mechanisms for
multidisciplinary and multi-
stakeholder involvement
are provided.

o Thereis astrong
emphasis on social
learning (Allan and
Curtis, 2005).

Empowerment for industry
through co-management.

A wider set of considerations
than co-management (that is, it
is concerned with ecosystem
dynamics).

Has potential to develop
adaptive capacity, social-
ecological resilience, sustainable
resource use, and enhanced
efficiency and effectiveness of
management (Plummer et al.,
2012).

Offers a way of studying and
structuring increasingly coupled
social-ecological systems
(Armitage et al., 2008).
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environment for commercial
operators.

Biophysical system remains
central to management with
social dimensions only
included to the extent that
they serve fisheries
management objectives.

High level of engagement
adaptive by industry to
participate.

Long time-frame for
reporting back on new
evidence (e.g. need better
real-time systems).

Effective adaptive co-
management is dependent
on how well decision-making
institutions fit their social-
ecological conditions,
effective communication
processes among key
leaders, intergroup
cooperation, and political
management skills (Kofinas,
2009).

Social networks set up for
co-management are helpful
in dealing with climate
hazards (Tompkins and
Adger, 2004).

Embraces complex adaptive
systems thinking, e.g. cross-
scale interactions and
ecosystem dynamics
(Armitage et al., 2008).

Provides mechanisms to
adjust to change (Kofinas,
2009).

Accounts for system
complexity by operating
across multiple levels
(Pomeroy, 2007).

Encourages autonomous
adjustment by fishers and
their communities, values
different knowledge sets
(tacit, traditional, and
scientific) and fosters
collaborative decision-
making across key
stakeholders (Grafton and
Quentin Grafton, 2010).



6.6 Implementation of tools & actions

6.6.1 Spatial management

Protected areas are critically important tools in marine management and conservation and will
likely become increasingly so in the era of climate change. The International Union for
Conservation of Nature and Natural Resources (IUCN) has promoted the use of spatial protection
tools to reduce the impacts of stressors on species and ecosystems, thereby increasing stability
and resilience. Fisheries closures are geographic areas in which specific types of extraction are
prohibited for a specified period of time, with the primary intent of protecting fishery resources.
The objectives of fisheries closures are diverse but commonly include reducing bycatch (Hobday
et al., 2010), protecting species during vulnerable life history stages (e.g. spawning, migration;
Frank et al., 2000), promoting population rebuilding, and avoiding adverse interactions with
endangered species (e.g. Koubrak et al., 2020). As such, fisheries closures are often context
specific, with closures relating to specific species, fishing gear types, seasons, durations, and
areal extents, depending on the management objectives. For example, through dynamic ocean
management (read below), transient closures can be triggered when specific conditions are met
(e.g. species sightings, environmental conditions), with rapid closures (e.g. in hours or days) being
implemented across restricted and specific targeted areas. At the other extreme, areas can be
closed to virtually all harvesting throughout the year, for several years. For instance, a closed
fishing area to protect juvenile haddock (Melanogrammus aeglefinus) aggregations has been in
effect on the offshore banks of the central Scotian Shelf (NAFO Division 4W) for over 30 years
(1989-2020; Frank et al., 2000). The area was established as a year-round closure to all fixed and
mobile fisheries with the aim of protecting spawning haddock and subsequent juveniles from
harvesting. Defining features of fisheries closures compared with other spatial management
tools such as MPAs is that they are single sectoral and highly dynamic; whereas MPAs are static
and permanent, fisheries closures can vary in their extent and duration over time.

Fisheries closures and MPAs are related as spatial management tools; they are also
differentiated. In contrast to fisheries closures, MPAs take longer to establish but are permanent,
can potentially offer greater levels of protection, and are often established as a connected
network of areas. Although not typically associated with fisheries management, per se, MPAs are
crucial tools used to protect intact ecosystems from stressors and promote biodiversity and
healthy marine populations (Edgar et al., 2014; Gill et al., 2017). Despite the ability of MPAs to
promote healthy marine ecosystems and enhance resilience to stressors such as climate change
(Bates et al., 2014), there is often intense opposition to their implementation by the fishing
industry, possibly stemming from their permanence. For example, in Atlantic Canada, proposed
MPAs are often intentionally situated in locations where fishing activity is low, to avoid conflict
and delays in their implementation due to opposition from the fishing industry and communities.
Such a practice, while understandable, is counterintuitive, as protection from extraction in
locations where extraction is already low or non-existent may be less effective.

Notwithstanding this, it has recently been suggested that by combining management features
that are static (MPAs) and dynamic (seasonal or temporal; e.g. fisheries closures), more climate-
responsive seascape conservation networks could be established (Tittensor et al., 2019). In



theory, such a strategy could confer the benefits of permanent MPA closures or Fisheries Act
habitat closures, such as protecting valuable habitats and geomorphic features, while more
flexible fishery and/or “other effective area-based conservation measure” closures could be used
to more dynamically respond to ongoing climate change impacts as they occur. Furthermore, the
international community, including Canada, has committed to increasing the proportion of
MPAs®, creating an opportunity to integrate such climate-smart design principles into spatial
management programs.

6.6.2 Dynamic management

In response to the rapid pace of climate and associated ecological changes, interest in dynamic
ocean management (DOM) or real-time ocean management has intensified (Dunn et al., 2011,
2014; Lewison et al., 2015). In contrast to static management, DOM refers to “management that
changes rapidly in space and time in response to the shifting nature of the ocean and its users
based on the integration of new biological, oceanographic, social and/or economic data in near
real-time” (Maxwell et al., 2015). DOM is predominantly, but not exclusively, a spatial
management tool. DOM has been implemented to maintain catch within quota limits, reduce
bycatch of species of conservation concern, or increase the efficiency of fishing activities
(Lewison et al., 2015). Primary DOM approaches include grid-based hot-spot closures, real-time
closures based on move-on rules, and oceanographic closures. Grid-based closures have been
implemented on daily or weekly scales and operate by overlaying a grid on an area of interest
and closing grid cells where bycatch has exceeded a threshold. Under move-on rules, once a
predefined threshold is triggered, fishers must move a set distance away from the affected area.
Move-on rules have been used extensively with closures lasting hours to weeks with distances
often 2-10 km (Auster et al., 2011; Dunn et al., 2014; Little et al., 2015). Oceanographic closures
are defined by environmental conditions and have been implemented on a daily to weekly basis
(Hobday and Hartmann, 2006; Hobday et al., 2010). The Australian southern bluefin tuna fishery
discussed previously is an example of this (Hobday et al., 2016).

Where it has been evaluated, DOM has been shown using simulation to be effective in achieving
diverse management objectives. For example, real-time closures based on move-on rules have
been shown to reduce the bycatch of juvenile cod by 62.2% (Dunn et al., 2014). Oceanographic
closures and seasonal forecasting have proven to be effective approaches in Australian fisheries
and aquaculture operations (Hobday et al., 2016). A simulation-based study reported that DOM
could significantly improve the efficiency of fisheries management in the Northeast Atlantic
(Dunn et al., 2016). Compared to DOM, traditional coarse-scale management measures displaced
up to 5 times the fishery catch and required up to 200 times more kilometre-days of closure.
Dynamic management led to USD $15-52M more in landings relative to traditional static
management while achieving the same level of juvenile bycatch (Dunn et al., 2016). Hazen et al.
(2018) reported that dynamic closures in the California drift gillnet swordfish fishery could be two
to ten times smaller than static ones and still provide sufficient protection to endangered non-
target species. Using remotely sensed SSTs, TurtleWatch’ provides longline fishermen in the

6 https://www.cbd.int/sp/targets/
7 https://oceanwatch.pifsc.noaa.gov/turtlewatch.html
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North Pacific Ocean with near-real-time predictions of waters that are preferred by sea turtles so
that they can reduce or eliminate their turtle bycatch (Swimmer et al., 2017).

A high-profile Canadian example of DOM implementation is that of the North Atlantic right whale
(Eubalaena glacialis; NARW), which was recently summarized in Koubrak et al. (2020). With only
~400 individuals remaining globally, the NARW has been assessed as endangered under the
Canadian Species at Risk Act, in the US under the Endangered Species Act, and by the IUCN. The
cause of the initial population collapse is historical whaling, which has been banned since 1937.
Recovery has been hindered by high mortality from ship strikes and entanglement in stationary
fishing gear and by low birth rates due to climate-related changes in prey availability. Recently,
the NARW has been shifting its summer feeding distribution northward from the Bay of Fundy
and Scotian Shelf into the Gulf of St. Lawrence, tracking climate-driven shifts in their zooplankton
prey (Davies et al., 2019). These spatial redistributions have been associated with increased
interactions between NARWSs and ship traffic and fishing operations in the Gulf of St. Lawrence.
In 2017, 4% of the remaining population died, with half of the mortalities caused by
entanglements and ship strikes (NOAA, 2019), raising further concern over the recovery
prospects for the species. In 2017, the Canadian government participated in extensive
consultations with stakeholders from the fishing and marine transportation industries,
Indigenous representatives, provincial governments, NOAA representatives, and others to
formulate protective measures for 2018. This led to the implementation of a combination of
static and dynamic management measures in 2018 and 2019. Dynamic measures were triggered
by NARW sightings and included 15-day closures to all crab and lobster fishing inside a
predefined radius of the sightings and mandatory 15-day speed reductions upon NARW
sightings. In 2018, the static and dynamic measures were effective, leading to zero NARW
mortalities in the Gulf of St. Lawrence, but generated concerns over lost revenue from fishing
opportunities and cruise ship visits. In response to this, the areas subject to fisheries closures
and speed limits were reduced in 2019, and eight NARW deaths were recorded that year. Part of
the increased mortality in 2019 was caused by the NARWs changing their geographic distribution
relative to what was observed in 2018. The changing effectiveness of NARW management
between 2018 and 2019 illustrates the challenge of managing fisheries and other ocean
resources in a changing climate: Conditions will become increasingly non-stationary, and
management approaches that were effective in one year may become obsolete the next as the
climate conditions change. DOM can be helpful in this regard, but as the NARW example
highlights, its efficacy depends on frequent, high-quality monitoring and/or forecasting (see
section 6.3.1) to respond to circumstances as they evolve. In the NARW example, this
requirement is, in some cases, is being addressed. For example, Whale Map? is a database that
was developed to compile all known NARW sightings into a publicly available monitoring tool.
Very-high-resolution satellite imagery (Cubaynes et al., 2018) and acoustics (Davis et al., 2017) are
being explored as new observational platforms to detect NARWSs, and forecasting is being
evaluated as a predictive tool (Pendleton et al., 2012). DOM also requires considerable
stakeholder involvement and buy-in, and infrastructure to coordinate and communicate
management regulations as they change through time.

8 https://whalemap.ocean.dal.ca/
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6.6.3 DOM involves managing ocean resources at finer spatial and temporal scales
and thus requires higher resolution fisheries and environmental data, including, for
instance, remote sensing, vessel monitoring systems, electronic logbooks, animal
tracking, smartphone technology, citizen observation systems, and ocean modelling
(Fairclough et al., 2014, Maxwell et al., 2015; Dunn et al., 2016, Fulton et al., 2019). To
be effective, DOM requires the rapid collection of environmental and fisheries data
and the transfer of information to and from fishers. In some US fisheries, such
transfer systems are already in use, with mobile apps like eCatch9, Digital Deck10,
and Deckhand 11 used by fishers to communicate catch data in real time. In some
instances, investment in data collection, analysis, and distribution may be required to
effectively implement DOM. However, shifting socio-economic priorities and
circumstances may make DOM vulnerable to manipulation over time. Altered
priorities may reduce critical funding and support that are required for the high-
resolution scientific tools, data, and other infrastructure needed for effective DOM
(Holsman et al., 2019a). Integration of approaches and solutions

Thus far, the approaches described (Chapter 6) are valuable climate change adaptation
strategies, yet their effectiveness can be more fully realized by integrating them. Fisheries
management objectives are often segregated into strategic (e.g. long-term intentions) and
tactical (e.g. shorter-term actions), with some practitioners viewing climate change as a
predominantly strategic issue. However, the challenge of integrating climate change
considerations into fisheries management must be taken at both strategic and tactical levels. As
a long-term global phenomenon that will affect fisheries in the foreseeable future, climate
change requires long-term thinking and planning to adapt effectively. However, despite its long-
term nature, climate change impacts on fisheries and ecosystems are materializing now, and
over increasingly shorter-term timeframes, requiring tactical actions. In short, there is a need to
integrate across climate change adaptation approaches and strategies. One example where such
a system is being applied is the Alaska Integrated Ecosystem assessment program’?. The
program integrates food web and multispecies assessment models, climate forecasts and
projections developed by regional ocean modelling systems (ROMS), scientific surveys, and
research. Through such integration, the program evaluates short-and long-term climate impacts
on species, tests EBFM harvest strategies, and explores historical patterns in food-web dynamics
to inform the North Pacific Fisheries Management Council.

® www.ecatch.org/
10 https://deckhandlogbook.com/

" www.deckhandapp.com/
12

https://www.integratedecosystemassessment.noaa.gov/regions/alaska/about#:~:text=Alaska's%20Integrated%20Ecosystem%20Asses
sment%20program,support%20effective%20Ecosystem%2DBased%20Management.
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7. Climate change integration into Canadian fisheries
management
7.1 Overview

Fishery stock assessments seek to evaluate the state of populations and make recommendations
for harvest strategies that will maximize fisheries yield while minimizing risk to the target
population. The reliability of assessments depends on many factors, including the availability,
use, and quality of data, and the appropriateness and skill of the models that use the data to
explain population processes such as growth, recruitment, and mortality. Traditional fisheries
management approaches have sought to set harvest rates that aim to provide the MSY for fish
stocks, focusing heavily on the effects of exploitation on the dynamics of single species. However,
these traditional management strategies have been associated with widespread collapses of
exploited marine populations (Myers and Worm, 2003; Worm et al., 2009) and severely delayed
or failed recoveries (Frank et al., 2011; Neubauer et al., 2013) in Canada and elsewhere. Along
with fishing, this report has highlighted that environmental and ecological effects can drive the
dynamics of exploited populations in strong, complex, and unanticipated ways with widespread
consequences.

This understanding has motivated a rethinking of how to optimally conserve marine populations
and of alternative management strategies. Many fisherie