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Abstract

Planning for adaptation to climate change requires regionally relevant information on rising air and
ocean temperatures, sea levels, increasingly frequent and intense storms, and other climate-related
impacts. However, in many regions there are limited focused syntheses of the climate impacts, risks,
and potential adaptation strategies for coastal marine areas and sectors. We report on a regional
assessment of climate change impacts and recommendations for adaptation strategies in the
NE Pacific Coast (British Columbia, Canada), conducted in collaboration with a regional planning
and plan implementation partnership (Marine Plan Partnership for the North Pacific Coast), aimed
at bridging the gaps between climate science and regional adaptation planning. We incorporated both
social and ecological aspects of climate change impacts and adaptations, and the feedback mecha-
nisms which may result in both increased risks and opportunities for the following areas of interest:
“Ecosystems”, “Fisheries and Aquaculture”, “Communities”, and “Marine Infrastructure”. As next
steps within the region, we propose proactive planning measures including communication of the
key impacts and projections and cross-sectoral assessments of climate vulnerability and risk to direct
decision-making.

Key words: adaptation strategies, climate change, coastal adaptation, coastal hazards, vulnerability
assessments, marine planning

Introduction
Global climate change is widely recognized as the singular greatest threat to the world’s ecosystems,
cultures, and economies ( ; ), including for marine systems

; ; ). Anthropogenic
climate change has led to increased global temperatures, changes in precipitation patterns, sea level
rise, and increasing frequency and severity of extreme weather events ( ). While these
changes are global, the ramifications occur at all scales, and decisions for adaptation must be made
( ). Coastal regions are unique and especially vulnerable to climate change
( ; ), and the impacts are diverse and often cumulative.
Governments, regions, and communities need to understand what is happening, what knowledge
gaps exist, and how they may be able to respond ( ).
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Global climate change adds complexity to the already convoluted area of coastal planning. Changes in
habitat suitability are predicted to cause an overall impact to global marine biodiversity by 60% by
2050 ( ). The direct impacts of these changes on ecosystems are either continuous
such as shifts in species ranges, changes in phenology (timing of life cycle events), changes in species
interactions, and ecological community composition ( ; ) or
discrete such as massive coral bleaching events, and extreme weather events such as floods or storms
( ). As climate change leads to shifting habitats and species ranges, many species are
likely to be forced out of current reserves ( ; ). The static nature of
current conservation planning schemes tends to lack the flexibility necessary to fulfill conservation
benefits under climate change scenarios ( ; ). Even more difficult
to predict are the indirect impacts of climate change caused by the human responses to climate
change, such as migration, changing agricultural practices, shifting fisheries areas, or seawall
construction ( ; ).

Regional climate change planning and policy development can be informed by understanding the
impacts, risks, vulnerabilities, and opportunities and by adaptive capacity assessments (

). While vulnerability assessments can provide information that is useful for
policy-makers (e.g., risk assessments, infrastructure exposed to flooding, etc.), these summaries are
only one component of effective adaptation planning. Vulnerability assessments typically focus on
one or two climate impacts (e.g., sea level rise), do not identify adaptation strategies that are applicable
to specific regions ( ), and are not accessible and therefore actionable by local or
sub-regional planners ( ). While there has been ample research on coastal climate risks
and adaptation recommendations specific to sea level rise ( ), coastal retreat (

), and planning to protect coastal infrastructure ( ), more integrated studies of
climate impacts and adaptation planning in collaboration with practitioners are needed (

; )-

Integrated climate change assessments could inform in-process coastal planning and management,
but there are limited examples of coastal planning processes worldwide that integrate climate change
assessments (impacts). In the Arctic, a recent assessment of risk associated with climate change on a
marine protected area (MPA) network found that climate risks will exceed those of industrial
activities, and that Indigenous-led additional MPAs are recommended because of the implications
of climate change on the presence and function of the species and ecosystems that MPAs are meant
to protect ( ). In Portugal, expert judgement was applied to evaluate environmental
properties, conservation features, and climate change pressures to the ecological components of the
MPA network ( ). Developing a functional MPA network that is informed by
ecological information including current and observed climate impacts and considers social aspects is
typically challenged by data limitations and capacity.

We applied a mixed-methods approach to integrate information on scientific climate change impacts
with adaptation planning considerations to a NE Pacific coastal region (hereafter referred to as the
North Pacific Coast) that is undergoing an integrative marine planning and plan implementation
process. The purpose of the project was to synthesize the state of available scientific understanding
of climate change impacts and projected further climate changes for the Northern Shelf Bioregion
(NSB). In addition, we presented potential adaptation strategies to inform future work within the
region or strategic next steps for adaptation that could be taken to address the needs of coastal
communities. The literature in this field is wide ranging and growing rapidly, and much of the work
is in progress and therefore not published or readily available. Thus, our research, guided by the
advice offered by key informants, was based on both peer-reviewed literature and government agency
reports (federal and provincial).
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In this section, we describe the project process, the methodology for the review of climate impacts for
the North Pacific Coast, and the analysis to evaluate the body of evidence for relevant climate
variables and related impacts. We then explain how we evaluated the adaptation strategies in response
to those impacts, our ongoing efforts to engage local and sub-regional planners in this topic, and the
next steps. The methodology of the research presented here consisted of the following systematic
steps: key informant interviews to guide the process, literature and data review, evaluation of evidence
qualities, and recommendations for context-relevant adaptation strategies.

Process

Marine planning through the Marine Plan Partnership for the North Pacific Coast (MaPP) started in
2011 in British Columba (BC), Canada, and four sub-regional marine plans for the North Coast, the
Central Coast, North Vancouver Island, and Haida Gwaii were completed in the spring of 2015
( ). MaPP is a co-led process between 16 First Nations and the Government of the
Province of British Columbia that developed and is implementing plans for marine uses on BC’s North
Pacific Coast, now and into the future. A Regional Action Framework (RAF) followed and was com-
pleted in the spring of 2016. Together, the four sub-regions make up the NSB ( ). Through MaPP,
provincial and Indigenous (First Nations) governments in BC are working towards sustainable develop-
ment, improving economic opportunity, and supporting ecological integrity for the North Pacific Coast.

This project was co-developed with MaPP through the Climate Change Sub-Committee coordinated
by the Regional Projects Coordinator, to shape our objectives, framing, and end products. We met
with the Regional Projects Coordinator and Climate Change Sub-Committee co-chairs of MaPP on
a biweekly basis over a 9-month period and presented draft and final reports to the Climate Change
Sub-Committee, which is comprised of First Nations and provincial MaPP Partner technical planners
and staff from each sub-region. These meetings helped to ground the project’s goals and focus our
research on relevant topics to practitioners and communities in the region. The draft and final prod-
ucts were also shared with the same audience to elicit feedback and target the end product to the needs
of the MaPP Partners. We also presented a summary webinar to an inclusive audience of marine plan-
ners and managers who work within the NSB to advance the goals of increasing communication and
awareness of climate impacts. We emphasized communicating climate impacts and relevant adapta-
tion actions because studies have shown that this is important for adaptation planning (

; ; ). Finally, the ongoing work in this project includes shar-
ing the results through a graphically designed report and an interactive HTML web-based platform
whereby First Nations, local and provincial marine planners, educators, and the general public can
engage with the material and have further conversations ( ) about the impacts and
opportunities related to these climate change impacts in the NSB.

Interviews

To enquire about ongoing projects and to further inform our approach and data sources, we
contacted and interviewed key practitioners and experts (hereafter, key informants) in the region
involved in the climate change science and adaptation planning.

The criteria used to select the key informants included:

1. alead author on a previously published seminal paper or report on climate change impacts in
the study area, and (or)

2. aresearcher recommended through snowball sampling; we asked each of our expert contacts
whom else we should contact.
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MaPP Region: Communities
1 Haida Gwaii + Ports Data Source: Marine Plan Partnership
= North Coast A First Nations
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: Projection: Transverse Mercator
= MaPP Region Datum: North American 1983
Fig. 1. The Northern Shelf Bioregion (NSB), showing the boundaries of the four MaPP sub-regions and main
communities. The sub-regional boundaries follow the Northern Shelf Bioregion boundary, except for a small area
near the western tip of North Vancouver Island. First Nations (A) and non-First Nations communities (0) are
distinguished by request of MaPP.
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Global Climate Models
IPCC WRS5 2014

Sea Level Rise Scenarios BC Climate Models Global-scale Models BC Climate Change Scenarios
IPCC WG5 Foreman et al. 2014 IPCC WG5S, available from Pacific Climate Impacts
Two emissions scenarios: RCP Sea surface temperature, Environment Canada Consortium
4.5 (Moderate) and RCP 8.5 sea level rise, sea surface Ocean pH, sea surface Air temperature, precipitation,
(high emissions) height temperature, precipitation growing degree days: 2020s,
2050s, 2080s
N\ 7 <
\ / \\ / \ /
\ / \ / /
M ¥ M ¥ ¥
Sectors affected: Sectors affected: Sectors affected:
Marine infrastructure Ecosystems Ecosystems
Communities Fisheries and aquaculture Fisheries and aquaculture
Ecosystems Communities Communities

Schematic showing the global and smaller scale data sources informing the reporting of climate impacts on
key sectors within the NSB. Particular sectoral impacts from climate projections that were of interest to the
planning group, and informed our focus, are shown on the third row.

We conducted semi-structured interviews with key informants either in person or on the phone;
a range of questions were asked regarding their knowledge on the ongoing projects in BC, data
sources, and quality of reports and other publications (see for interview
guide).

Literature and data review

We included peer-reviewed, grey literature, and spatial data to synthesize climate change projections,
impacts, and adaptation strategies through a focused literature scan including materials provided by
MaPP. As this was not intended to be a systematic literature review, and our inclusion criteria allowed
for us to incorporate unpublished sources, care should be taken in interpreting the results. Sources
included previous climate change vulnerability and risk assessment work from MaPP and associated
contractors (including from the MaPP data portal; ); publications
from the Intergovernmental Panel on Climate Change (IPCC) reports; peer-reviewed academic
studies on climate change impacts (published prior to 15 July 2017); assessment methods for
climate change vulnerabilities and risks; external reports on predicted climate changes, impacts

(e.g., BC Parks Shoreline Sensitivity Analysis 2014 ( ), Environment Canada
downscaled global climate models ( ), and
Natural Resources Canada reports) ( ). Because of the rapidly evolving state of research on

climate change projections, except for some fundamental background information, we only included
publications from the year 2000 and newer.

We reviewed these available data sources and extracted relevant information for the region, where
possible, to categorize climate projections and associated sectoral impacts and exposure to four key
areas of interest of the coastal social-ecological system in the NSB: (i) ecosystems, (ii) fisheries and
aquaculture, (iii) human communities, and (iv) marine infrastructure. We included both observed
and projected information on a set of climate variables that were determined as most relevant to
MaPP: air temperature, sea surface temperature, ocean acidification, sea level rise, ocean deoxygena-
tion, sea surface salinity, and precipitation.

To present the uncertainty in climate change projections, we included the projections for climate
change variables at the lowest and highest IPCC Representative Concentration Pathway (RCP)
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scenarios ( ), or the “best-case” and “worst-case” scenario, whenever possible. Long-term
projections or trends within BC are expected to align with global trends in a general sense
(i.e., warmer temperatures, more acidic ocean, more marine stratification, and rising sea levels), but
climate changes may result in regional and sub-regional interactions with localized ocean and
atmospheric conditions. The ecological complexity of the BC coast and NSB is high as is the uncer-
tainty in regionally downscaled climate change projections. In some cases, the spatial data for climate
projections within BC were only available for certain scenarios (e.g., sea level rise projections, available
for RCP 4.5 and RCP 8.5 only). Many of the available regional and sub-regional climate projections
are available through the Pacific Climate Impacts Consortium ( ), who use an
average set of climate models from the IPCC to conduct regional analyses for the BC region at a
“business as usual” level of emissions (RCP 8.5) ( ;

). The current state of uncertainty in both projections of climate impacts and the
choices that society makes in terms of emissions reductions means that our findings include relatively
simplified, generalizable impact statements and adaptation options.

Assessing evidence qualities

To assess reporting of climate change projections and sectoral impacts, vulnerabilities, and risks, we
used three systematic steps. First, we applied a reliability score based on (i) the robustness of the
evidence, such as whether the evidence is the result of an experimental/quasi-experimental (robust),

observational (medium), or anecdotal (limited) study ( ; ) and (i) the
agreement levels, such as high agreement to medium and low agreement levels, to qualitatively assess
document quality and reliability of information. Using this method, our aim was not to assess the
evidence quality of each climate impacts on different components of different sectoral impacts, rather
to present an overall picture of the evidence quality of the climate impacts on different focal areas
(e.g., fisheries and aquaculture, ecosystems, communities, and marine infrastructure) and the lack of
it in some cases. This method was adopted from that of the IPCC Assessment Report 5’s evidence
confidence scale, where findings were grounded in an evidence and agreement evaluation. We ranked
each reference on a three-point evidence quality scale based on our literature review, expert
interviews, and research team’s knowledge and expertise on the field. Next, we documented all the
relevant information and references of each climate variable (existing and projected) and sector
(Ecosystems, Communities, Fisheries and Aquaculture, and Marine Infrastructure) for the NSB.
Lastly, we calculated overall evidence qualities by averaging evidence qualities scores for each climate
variable and sector at both a regional and sub-regional scale based on the cited references and normal-
ized the results to restructure the relational results without distorting differences in the ranges of
values. The normalized values then were classified into “low”, “medium”, and “high” groups using
tertile cutpoints. The evidence qualities shown in and 4 demonstrate the results for the
combined MaPP regional-scale assessment; sub-regional results are provided in

Adaptation strategies

Across Canada, awareness of climate change impacts and the necessity of adaptation planning is
increasing ( ). In BC, the provincial Adaptation Strategy ( ) aims
to prepare the province for the impacts of climate change to the environment and social systems.
Under the BC Climate Action Plan, there are a range of actions that are intended to help increase
resilience to climate change and reduce vulnerabilities. This adaptation plan is based on three key
components: building a strong knowledge base with tools for decision-makers to prepare for climate
change, incorporating climate adaptation within policy decisions, and improving assessment, and
implementation of appropriate adaptation actions in especially vulnerable sectors (

). While these reports and adaptation plans are encouraging and signify a shift in management
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Northern Shelf Bioregion - Summary table for climate impacts, projected changes and sectoral impacts

Projected Changes

Evidence
Quality

Sectoral Impacts

Evidence

Impacts Summary” Quality

Average air temperatures may increase by 1.8°C (1.3°C to 2.7°C) by 2050 and Threats to
2.7°C (1.7°C to 4.5°C) by 2080">*; and average temperatures may reach fisheries’,
~7.8°C with low emission scenario (RCP 2.6) and ~11.6°C with high ecosystem, hydrology, and habitats™,
emission " nearshore marine mammals**, @ o2
scenario (RCP 8.5) by 2091-2100" ; fisheries related tourism?, ~ )
2 Growing degree days: +283 (+179 to +429) 2050 and +468 (+262 to +769) water supply”,
5 rowing cegree days: © an © human health and well-being’; g&%
E by 2080°; - -
E . . E’ Potential increases in %n
e Frost free days: +20(+12 to +29) by 2050 and +30 (+16 to +48) by 2080'; frequency and intensity of toxic algal bloom,
< Winter minimum temperatures in northern BC may increase by 4-9°C by 2080 Potential benefits to tourism due to longer warm seasons”.
and summer maximum temperatures may increase by 3-4°C. Increases in
frost-free periods, growing-degree days, and frequency of extremely warm
days’.
average annual by 6% (2% to 12%) by 2050 and Threats to
9% (4% to 17%) by 2080, 10% decrease in summer"z'; up to ~18% more marine infrastructure, operations and transportation lanesm;
precipitation (low emissions, RCP2.6) and ~25% (high emissions, RCP8.5)
by 2091-2100 compared to 1961-1990 baseline’; Increased . i @ 5>
freshwater discharges and associated turbidity, flow of s )
Declining winter snowfall by -10% (-17% to +2%) by 2050 and -12% conteminants, pathogensand n
(-26% to ~1%) by 2080'; nutrients™'""'?, summer drought and water scarcity for g&% 6
g communities due to earlier freshet in the spring’; o=
,«g Winter precipitation increase by 10-25%, summer precipitation increase ) . . )
g by 20% by 2050°; overall precipitation increase in fall, winter and spring = Changur;g salinity levels and stronger Vancouver Island Coastal =
£ seasons® 1011 Current'%;
Potential impacts on
dynamics, and habitats’;
Changes in access and seasonality of traditional foods and food|
availability’.
Rising sea levels from 80cm to 120cm' or from 20cm to 130cm’ by 2100; Threats to
fish, invertebrates’,
Increases by ~25.1cm in Prince Rupert; ~9.3cm in Queen Charlotte; ~8.4cm coastal plants, algae and inter-tidal habitat®, (' \ e
in Bella Bella; ~13.9cm in Winter Harbour by 2100°%; First Nations' heritage sites' 25! “ KDDO
R groundwater quality due to salt water intrusion'™; ~ .
é Moderate rate of sea level rise gntil 2025, and rapid ral.e from 2025 up to 2100. 000 8
= May be d by vertical land (uplift) by 1 and 3 mm/yr, 5, [Increased coastal flooding and erosion risks on a7 £
E but = communities' ™' '*'¢"7; i 3
g not enough to moderate SLR rates'*. =
s Economic impacts on
built environment and communiticsw,
marine infrastructure, operations and transportation
Janes'®' 75,
Average sea surface temperatures may reach ~11.4°C with RCP 2.6 and~14°C Threats to
with RCP 8.5 by 2091-2100%; water quality'*?*%*,
nearshore habitats and ecosyslemsb‘mw, (' O
Increases between 0.5°C and 2.0°C and average temperatures to be around diversity, abundance, growth, movement, range, “\ p=)
10-14°C by 2065-2078 compared to 1995-2008 baseline'”. interactions, distribution and survival ~ o
32 of specics* 1119232425 000
& 2
ER = cascading impacts on ecosystems’; ecaa =
Z 2 £ £
z% E Increased incidence of marine diseases, harmful algal blooms
and invasive spccics's‘“‘z';
Economic, social and cultural impacts on communities as
fisheries migrate across regional
and political boundaries'*"”.
Average ~7.96 ph level with RCP 2.6 and ~7.69 ph level with RCP 8.5 Threats to
by 2091-2100 compoared to 1961-1990 baseline; ecosystems and habitats' HEED (' \ P}
production, growth, survival and structure of shelled A
Overall decreasing pH levels'*2*2! organisms and fish®!%202122 = =
§ E 5 plankton cc.»mmunit.y structure®™’, Qo&% .
S & fished species, particularly to salmon aquaculture and %‘7
© shellfish industry'"" 222,
overall food safety'"**";
Economic, social and cultural impacts of alterations to habitat
and fishery induslry'q'”n.

Fig. 3. Summary, projected climate impacts, projected changes, and sector-specific impacts anticipated for the Northern Shelf Bioregion. Symbols reflect: @

ecosystems, &% communities, »5 fisheries, & marine infrastructure. References are available in Supplementary Material 3.
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Climate Impact Projected Changes

Evidence
Quality

Sectoral Impacts

Impacts Summary*

Evidence
Quality

Declining dissolved oxygen levels for the Northeast Pacific Ocean®'""”. Threats to 5>
species with low mobility or species adapted to low
A @ =)
oxygen, ~ x>
primary productivity, growth and distribution of fish
g populations®''*2, gO%
g = fished species compared to unfished species' "% = <=
5 = ? &
& == =
1S Impacts on the ecosystem and habitat of groundfish'*****;
Economic, social and cultural impacts due to changes in
fisheries' "%,
Increases in spring flow with slight increases in during summer by 2080"'*; Threats to
. . O
5 nearshore marine mammals due to alterations to @ e)
g Stronger Vancouver Island Coastal Current, stronger flows in Queen Charlotte = temperature, salinity and stratification in ~ xo -
g Sound, Hecate Strait and Dixon entrance'z; -%“ ocean surface layers", fo) -.:E”
E ecosystems due to oxygen and nutrient upwelling®'?; 8&%
Decreased summer flows in glacier and snowmelt dominated watersheds™"”.
Increased and periodic water scarcity during the summer’.
Decreases in sea surface salinity by ~1.25% with RCP 2.6 and ~3.2% with Threats to
RCP 8.5 by 2091-2100 compared to 1961-1990 baseline‘; species range and food web structurew, (’ \ he)
@ fisheries industryw; “ D%
g = Decreases in sea surface salinity by ~1% (~0.2 decrease in psu unit) by 2065-
EE =) B A g 19 )
a £ 2078 & Reduction in total ecosystem biomass' . {90% =
gL compared to 1995-2008 baseline'”. (a2
@ Economic, social and cultural impacts on communities as
fisheries migrate across regional
and political boundaries'”.
More intense and more frequent winter storms, surges and Waves“&; Threats to
ecosystems and habitatsz,
S . . 1
in extreme high-water events'”; recruitment for fisheries’,
traditional way of life and First Nations food supply due to @ D%Q
. Increases in coastal wind strength in summer®. altered timing of seasons’, ~ pe)
S marine infrastructure, operations and transportation n
= : < lanes'""*; 000 @ £
7 E ' e S 2
RS = - 2
R . Lo . .
§ & Increase in marine infrastructure maintenance and insurance
costs'”"?,
coastal erosion and ﬂooding”;
Alterations in the timing or strength of the spring weather
transition, coastal currents and upwell strength and timingé.
Increasing occurance and frequency of climate impacts PHRERETED, Threats to
access to traditional foodszs‘26,
species abundance and distribution”’,
catch potential for all commercial ﬁsheries“,
fish spawning'?; O
&899, >
21% decline in Sockeye salmon, 10% decline in Chum salmon,
= = 15% decline in Sable fish =
g .
E é‘) stocks, and 1.33$, 0.77$ and 0.65$ increase per pound, .,;E“
&) respeclivelyu;
15.0% to 20.8% decline in commerically and culturally
important fisheries species relative
abundance by 205025;
Economic, social and cultural impacts due to changes in
fisheries™ ",

Fig. 4. Continued summary, projected climate impacts, projected changes, and sector-specific impacts anticipated for the Northern Shelf Bioregion.

Symbols reflect: @ ecosystems, &% communities, »%,g fisheries, & marine infrastructure. References are available in Supplementary Material 3.

and governance investment in climate adaptation, there has been until recently far less investment in
adaptation research and planning for coastal management and fisheries sectors when compared with

terrestrial areas and sectors such as forestry and agriculture (Warren and Lemmen 2014a).

We defined adaptation options broadly to include current and potential proactive strategies that could
help to address the impacts to coastal ecosystems, fisheries, coastal communities, and marine
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infrastructure in the social-ecological context of the North Pacific Coast and that could be feasible
and effective in increasing the potential for those focal areas to adapt to diverse climate impacts.

Results

Trends and projections of climate variables

Along the coast of BC, ocean water temperatures are warming, and nearshore waters are becoming
less salty, less oxygenated, and more acidic (a chemical process resulting from them becoming
enriched in carbon dioxide; ; ). These changes are contributing to biological
changes such as shifting species distributions ( ; ). To understand
and anticipate climate change impacts, a range of modeling approaches has been used to characterize
and predict ecological and biological responses along the BC coast and the surrounding marine area.
Research focused on and within the NSB has included descriptions of the ecological communities and
context, trophodynamic modeling, and the effects of climate change on fisheries and ecosystems
( , , 5 5 ; 5

). There is a lack of reliable downscaled projections or regional climate modeled
data for most climate impacts in the marine environment of BC and within the NSB. Much of the
climate impacts work within BC is focused on terrestrial impacts (e.g., )
and as such is of limited applicability to the marine and coastal focus of the NSB (T. Murdoch,
PCIC, personal communication, July 2017).

Air temperature

Air temperatures have increased throughout BC by ~1.3 °C over the past century (from 1900 to 2013;
0.12-0.13 °C per decade ( ; ; ; ),
slightly more than the global average during the same period ( ) but less than the rest of
Canada ( ). Most of this warming trend has been observed during the
winter months (average increase of 2.2 °C per century), and in the north (3-3.8 °C per century) and
south-central (2.6-2.9 °C per century) areas of BC ( ; ). Average daily
minimum temperatures have increased the most (increased 2.3 °C this century) across the province,
while average daily maximum temperatures have increased by 0.7 °C per century ( ;
). Both daily average and daily minimum air temperatures in BC reached record
high levels in 2016; monthly temperatures in the winter of 2016 were more than 5 °C higher than
the baseline period of 1971-2000 ( ). These higher temperatures negatively as well
as positively affect ecosystems and human activities. Increasing air temperatures have been associated
with decreased heating requirements over the past century in BC, especially in northern BC (
), while the energy demand for cooling infrastructure has increased, especially in the southern

interior of BC ( )- BC is expected to experience more warming than the global average
( ; ); air temperatures are projected to increase by 1.8 °C by the
2050s and 2.7 °C by the 2080s, and could reach of 3-5 °C by the end of the 21st century (

; 5 5 ; ).

Sea surface temperature

Average annual sea surface temperatures have warmed between 0.6 and 1.4 °C per century across the
coast of BC ( ), as monitored at lighthouse stations along the BC coastline. This rate is
similar to the global average of 1.1 °C per century ( ; ), although some areas
have warmed by up to 2.2 °C per century (e.g., Strait of Georgia, Entrance Island) ( )- In
BC waters, recent sea surface temperature trends have been the result of climate change warming,
El Nifo effects (2015-2016), and the “warm blob” phenomenon (2013-2016) where a large area
of very warm water (3 °C warmer than usual) settled off the BC coast ( ;
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)- In 2016, average sea surface temperatures were 1-2 °C warmer than
the historical average within the Northeastern Pacific Ocean ( ). Sea surface
temperatures are likely to increase by between 0.5 and 2.0 °C by the end of the century (

> )'

Ocean acidification

Globally, ocean acidification is projected to increase by 100% or more by 2100, but there is large
uncertainty and variation among regions and climate scenarios ( ; ;

). Ocean acidification is occurring faster as higher latitude areas, due to the
effects of temperature on carbon dioxide absorption ( ; ;

). In the Northeastern Pacific Ocean, ocean acidification is one of the most urgent threats
to both marine ecosystems and human communities as these waters are already among the most
acidic of the world’s ocean regions, due to ocean currents and upwelling of deep ocean waters
( ; ). Within the NSB, acidification is projected to continue to
increase as carbon dioxide emissions continue to rise. The existing state of knowledge for ocean
acidification is limited, and other than global data sets, there are currently no projections at the scale
of the BC coast ( ). This is partly due to a lack of empirical data as model inputs.
Sampling for alkalinity and dissolved organic carbon has occurred as a regular part of Fisheries
and Oceans Canada (DFO) surveys since 1992 and 1986, respectively, but the data have been
fragmented and inconsistent ( ). Ongoing efforts to model changes in ocean
chemistry (nitrogen, carbon, and oxygen) will improve the overall understanding of coastal biochemi-
cal processes and nearshore acidification and hypoxia levels (K. Hunter, Fisheries and Oceans
Canada, personal communication, July 2017). In addition, further efforts to model changes and
extremes in pH ( ; lanson and Monahan unpublished data) will improve the
understanding of projected changes in acidification and the associated impacts.

Ocean deoxygenation

Across the NE Pacific Ocean, dissolved oxygen levels have been declining over at least the past several
decades, at a range of depths from 100 to 1000 m deep down to the sea floor, and oxygen levels

between 100 and 400 m depth have decreased by 22% over the past 50 years ( ).
Oxygen levels are likely to continue to decline in the northeast Pacific Ocean, and coastal shelf and
slope marine ecosystems are likely to lose well oxygenated habitats ( ; ).

Seafloor habitats in the North Pacific could experience a reduction of 0.7%-3.7% in oxygen levels
by 2100 ( ).

Sea level rise

In BC, the average sea level between 1910 and 2014 has risen along most of the coast, at a rate of
13.3 cm/century at Prince Rupert, 6.6 cm/century at Victoria, and 3.7cm/century at Vancouver
( ). Sea levels at Prince Rupert and Victoria continue to increase, while off the west coast
of Vancouver Island tectonic uplift offsets sea level rise such that water levels appear to be declining
(removing this uplift would result in a sea level increase of 13.5 cm per century) ( ;

). Changes in sea level threaten coastal systems through coastal erosion, seawater
inundation, and contamination of freshwater systems, and they can affect food crops grown in low
lying areas. Relative sea level across the coast of BC is projected to rise by an average of 20-30 cm
by 2100 ( ). However, there are many uncertainties in the projections for sea level rise, and local
ocean currents, tidal patterns, and river discharge rates will influence the observed rate of sea level rise
to particular areas. For instance, some models project higher observed sea surface height (SSH) values
along the northern coast of BC during the next century in winter and spring related to wind patterns
and increasing river discharge ( )-
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Ocean salinity is declining globally, along the BC coast, and within the Northern Shelf Bioregion
( ). Empirical data from lighthouse station monitoring stations in 2016 reflect a long-
term trend towards decreasing sea surface salinity across the BC coast, except within the Strait of
Georgia ( ). Longer-term data from lighthouse station monitoring shows the same
freshening trend; however, this is not associated with longer-term climate trends but with local
freshwater sources ( ). Freshwater discharge from glaciers is a significant
contributor to the nearshore waters of BC. Glacial coverage in BC has declined since 1985, and the
volume of glacial ice declined by an average rate of 21.9 km® from 1985 to 2000 or by approximately
6.4% from 1985 to 2000 in the coastal region ( ). Coastal runoff contributes to maintaining
the salinity levels along the coast, driven by glaciers as well as watersheds driven by fall and winter
seasonal precipitation. Large river systems (Fraser River, Naas River, and Skeena River) drain large
watersheds and experience pronounced spring freshets that affect coastal salinity levels more than
large-scale climate changes ( ).

Sea surface salinity

Precipitation

Precipitation is a key indicator of climate change, and changes will affect all sectors, ecosystems, and
communities. In BC, precipitation has increased over the last 50 years in all seasons by some
estimates, or just in the summer months by other reports, with variation across the province

( ; ; ). Province-wide, annual
average precipitation has increased by 12% per century ( ). However, these changes have
been so far statistically insignificant and can largely be explained by the high natural variation in pre-
cipitation patterns across the province ( ; ; ). Winter

warming trends led to higher snowpack density (wetter snow) across much of BC from 1950 to
2014, and as winter temperatures increase, winter snows are likely to continue to be wet and heavy
or be replaced by rain ( ). Changes in the amount, type, and timing of precipitation in
BC will certainly affect both terrestrial and marine systems, although the relatively high uncertainty
in historical monitoring data—and the implications of these changes—means that estimating current
precipitation trends and associated impacts is a challenge ( ).

Projected changes in precipitation in BC are expected to be relatively minor, especially when
compared with the historical variability in the province ( ). Wetter winters are projected to lead
to increased runoff in rivers and streams in the winter. Less precipitation will fall as snow in the
winter, which is likely to result in a reduction of the spring snowpack by 55% by 2050 (

). Due to this reduction in snowpack, the spring freshet will likely occur earlier in the spring
in many rivers. By the end of the century, spring streamflow will likely have increased significantly,
while summer river levels will have decreased ( ).

Extreme precipitation events will likely increase during some seasons and in some areas of the prov-
ince ( ; ; ; ; ).
Heavy precipitation events in BC include phenomena known as “atmospheric rivers” where highly
concentrated water vapour streams move moisture from tropical regions towards the poles. These
occur frequently in the fall and winter in BC, and impact coastal areas with periods of intense precipi-

tation and flood events ( ; ; ). More
frequent atmospheric river events after 2040 (approximately double the current number per year) will
affect ecosystems along the coast ( ). Changes in wind and wave patterns
may interact with other climate change projections such as sea level rise, but the projections of future
winds and storm events are highly uncertain ( ). Storm intensities in the North Pacific
increased during 1940-1998, and storm surge related winds and storms may become more frequent
and intense as air and ocean temperatures increase ( ; ).
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Observed and projected climate change impacts

Ecosystems

Increasing sea surface temperatures and declining oxygen levels have affected the northern Pacific
Ocean, which has likely led to reduced habitat availability and decreased survival for many fishes
and invertebrates ( ). The warm blob (2014-2016), a mass of water characterized
by water temperatures from 1 to 3 °C above the 30-year average, developed off the west coast of BC,
affecting phytoplankton community composition, ocean stratification, and associated with abnormal
and dramatic species range shifts ( ). Harmful algae blooms during the warm blob
event could also be associated with climate warming ( ). During that event, warm
water zooplankton were much more abundant than cold water species in 2016, with potential
implications for fish as warm water zooplankton species have lower nutrient quality (

). Other unusual biological events during that anomalously warm water period included
low chlorophyll levels (2014), potentially due to increased stratification and reduced nutrients
( ). Species sightings that could indicate dramatic species range shifts include ocean
sunfish and warm water sharks off Washington State and Alaska, high catches of albacore tuna off
the Washington and Oregon coasts, juvenile pompano sightings near the Columbia River, and wide-
spread stranding of Velella velella off the coast of BC throughout the summer of 2014 (

). Warm ocean temperatures have affected the waters off the west coast of Vancouver Island,
and the zooplankton community has shifted to more gelatinous species (overall lower nutrient food)
and less crustaceans, leading to poor forage conditions for juvenile fish and seabirds (

). Further increasing sea surface temperatures are likely to affect zooplankton biomass,
contributing to overall biomass declines of lower trophic level species ( )-
Increasing ocean temperature and the northerly shift in the California Current may lead to higher
abundance of low nutrient zooplankton, which would in turn affect juvenile fish species such as
herring and salmonids ( ; ). Phytoplankton species compo-
sition is also likely to change, which could also affect higher trophic levels who depend on high-
quality zooplankton ( ; ; ;

). Kelps (giant kelp and bull kelp) and eelgrass (Zostera marina) are also likely to
be negatively affected by warming sea surface temperatures; the cumulative impact of temperature
along with decreasing salinity and increasing sedimentation from runoff will influence the productiv-
ity and distribution of these important habitat forming species ( ). Projected changes
to climate variables are likely to interact to affect the likelihood of species invasions in BC waters, as
habitats and oceanographic conditions change to facilitate the establishment of warm water species
through species range expansions ( ; ). Marine diseases are also
likely to increase in frequency and intensity, as species already stressed due to direct climate changes
such as rising ocean temperatures are also more susceptible to infection ( ). The
biological interactions and additive effects of disease and invasive species, such as green crab which
is already invading BC waters ( ), are highly uncertain (

; ; )-

Ocean acidification will certainly continue to affect coastal BC, although there are significant knowl-
edge gaps in terms of the effects of ocean acidification on marine organisms ( ).
Where data exist, it is more reliable for commercially viable shellfish species (e.g., oysters) and issues
that may affect human health (e.g., harmful algae blooms) ( ). Already, the ocean
below 300 m depth is corrosive to aragonite shells, and it is likely that the saturation depth will
continue to decrease, threatening shelled organisms and the fishes that feed on them, including
Pacific salmon ( ; ). There is a strong likelihood that the
negative impacts associated with ocean acidification could increase rapidly, and that the effects on
marine species could potentially cause large shifts in species distribution and community assemblages
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across both latitude and depth ( ). Ocean acidification may affect habitat
availability and the abundance of those species dependent upon calcifying organisms for structural
habitats and those whose larval stage is affected by decreasing pH. For example, by 2100, cold water
corals are projected to degrade due to ocean acidification, which will affect habitat availability for fish
populations, therefore affecting fisheries’ productivity ( )- The effects of ocean
acidification on trophic dynamics (food web interactions) and the synergistic effects of ocean acidifi-
cation with other climate change projections, such as increasing ocean temperature and declining
oxygen levels, require further research ( ; ).

The expansion of low oxygen zones will affect ecosystem structure and function, especially in the deep
sea ( ) and in the deep coastal fjords of the northern coast of BC due to their
geomorphological and chemical conditions ( ). Deoxygenation at deeper depths may
drive mobile marine species to seek refuge in shallow water; yet, those habitats will be more likely to
be too warm. This interactive effect may result in physiological stress or species interactions. The
combination of warming temperatures in shallow depths and deoxygenation at deeper depths may
lead to habitat compression, unless species can adapt by migrating along continental slopes into more
oxygenated environments, where they exist ( ).

Due to the reduction in snowpack associated with decreased winter precipitation and warmer air
temperatures, the spring runoff (freshet) will likely occur earlier in the spring in many rivers, with
downstream effects on freshwater habitats and linked marine systems ( ;

). This is likely to negatively impact the reproductive capacity and survival of fish and other
aquatic species ( ; ). The sheer increase in freshwater volume entering
coastal marine waters will also affect salinity and stratification of ocean surface waters. Changes in the
timing of spring currents are also likely to affect biological interactions such as plankton availability,
in turn affecting larval fish and invertebrates ( ). The specifics of this impact
of species recruitment are currently unknown ( ).

Increased precipitation may lead to more runoff of contaminants and terrestrially derived nutrients—
which, when combined with higher water temperatures, could increase the likelihood of toxic algae
blooms in freshwater and marine ecosystems ( ). The increase in freshwater
volume entering coastal marine waters may also decrease sea surface salinity and increase ocean
surface stratification. These stressors are likely to affect marine fishes and mammals that depend on
nearshore habitats and are adapted to current oceanographic conditions ( ).
Changes in salinity can affect both sexual reproduction and vegetative propagation of seagrasses
( ; ). Declining salinity levels may affect the habitat,
survival, and growth of marine fish and shellfish; in the Arctic, declining salinity has been shown to
reduce phytoplankton size, which in turn affects productivity of higher trophic levels (

).

Sea level rise may affect coastal ecosystems through changes to habitat, especially for nearshore areas if
important intertidal habitat becomes permanently sub-tidal, affecting nearshore plants, algae, and
shellfish ( ). Generally, coastal sensitivity to sea level rise depends on the physical
geology of the coastline, and as such low-lying sandy regions will be most impacted. Most of the shoreline
of BC has low sensitivity to sea level rise due to the rocky, fjordal coastline, but some areas (near Prince
Rupert, Bella Bella, and most of Vancouver Island) are moderately sensitive ( ).

Fisheries

For many coastal communities and First Nations, fishing is a way of life that cannot be measured by
the contribution to the economy alone, as social and cultural values play a large role. The fishing
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industry has already declined significantly across the province because of multiple factors including
overfishing and fleet restructuring; since the 1980s, the fishing fleet has shrunk by 60% and there
are 70% fewer fishers employed in the industry ( ). Existing stresses and
impacts on BC’s coastal fisheries are expected to be exacerbated by climate change, in particular for
those species that are highly vulnerable to warming conditions (e.g., salmon; ;

; ). Some of the effects of climate change on fisheries in this region
are reflected in projected species range shifts: the abundance of current target species is projected to
decrease, and the species currently available across the region are likely to change (

; ; ; ). The impacts of these projected
changes in fisheries catches could lead to or amplify other socio-economic impacts of climate change
on fisheries and communities through reduced food security and economic loss (

). Fisheries and Oceans Canada has an ongoing project to model climate change vulnerabilities
in some fisheries, and other work is focused on modeling the impacts of warming river temperatures
on juvenile salmon (K. Hunter, Fisheries and Oceans Canada, personal communication, July 2017).

In southern BC, the impacts of warming freshwater and marine water temperatures have been
observed, leading to declining productivity and diminished returns of Fraser River sockeye salmon

( ). Low returns of Fraser River sockeye salmon have been observed
(e.g., returns in 2016 were the lowest on record) ( ), and Fraser River sockeye were
recently recommended for listing with the Species at Risk Act ( ). While observations

and field evidence are still limited, the interacting effects of ocean temperature and acidification are
also of critical concern for many taxa (e.g., molluscs, corals, and calcareous algae). Ocean acidification
has affected calcifying organisms, especially larval survival in the oyster aquaculture industry

(e.g., Strait of Georgia; ; , ). Melting glaciers across BC
may also be releasing historical pollutants into freshwater ecosystems, also affecting freshwater fish
and downstream marine areas ( ). Increasing rates of ocean acidification are likely to

negatively affect calcifying organisms, many of which are important for aquaculture and traditional
food resources, including molluscs, bivalves, sea urchins, and sea cucumbers ( ;

).

Further fisheries responses to climate change impacts will vary both regionally and by species (
; ). Species particularly vulnerable to increasing ocean temperatures

include Pacific salmonids ( ; ; ; ).
For example, there is a 17%-98% chance of “catastrophic” loss of a Chinook salmon population by
2100, depending on the emissions scenario ( ). Many fish species may expand their

range northward (at an average rate of 10-18 km/decade), and in many cases, their abundance may
decline precipitously ( ; ;

). These impacts are more severe at higher latitudes, so that the relative catch potential is pro-
jected to decline more in the North Coast, Haida Gwaii, and Central Coast than southern BC waters
( ). Pelagic fisheries that may be especially affected by increasing sea surface
temperature include Pacific herring, Pacific sardine, and Pacific salmon ( ;

). Warming ocean surface temperatures will also likely decrease the habitable
range of sessile species such as shellfish, which are less likely to be able to move northward at the rate
of climate change. However, species’ responses to climate change will also depend on species-specific
adaptive capacity and sensitivity; assessing species-specific responses to climate change is highly lim-
ited by the lack of data on species traits and potential adaptive responses ( ).

The effects of ocean acidification on fisheries are largely unknown, including on the important salmon
and Pacific halibut fisheries ( ; ; ). In tropical fish, ocean
acidification affects behavior and results in increased mortality, but species responses in temperate
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Table 1. Summary of some climate change impacts on key fisheries target species in BC (Beamish 2008; Healey 2009, 2011; Chandler et al. 2016; Weatherdon

et al. 2016b).

Fisheries species of
interest

Sablefish (Anoplopoma
fimbria)

Pacific herring (Clupea
pallasii)

Pacific hake (Merluccius
productus)

Pacific halibut
(Hippoglossus stenolepis)

Pacific ocean perch
(Sebastes alutus)

Pacific sardine
(Sardinops sagax)

Pacific cod (Gadus
macrocephalus)

Pink salmon
(Oncorhynchus
gorbuscha)

Sockeye salmon
(Oncorhynchus nerka)

Chum salmon
(Oncorhynchus keta)

Ecological variable affected by

climate change

Ocean temperature

Ocean temperature

Ocean temperature

Ocean temperature

Ocean temperature

Ocean temperature
Oceanographic conditions

Ocean temperature

Ocean temperature
River temperatures
Oceanographic conditions

Ocean temperature
River temperatures
Oceanographic conditions

Ocean temperature
River temperatures
Oceanographic conditions

Probable impacts

May negatively affect egg, larval and juvenile survival.

Declining ocean productivity may affect recruitment.

Overall: climate change over the next 50 years may not impact adult sablefish or long term
population dynamics. Projected change in relative abundance of —9% to —11% by 2050.

Herring ocean habitats will be affected.
Predation from increasing populations of Pacific hake may affect herring populations.
Overall: abundance is projected to decline by 32%-49% by 2050.

Hake biomass may increase.
More migration into northern range (BC waters).
Overall: abundance may increase.

Overall: nay reduce recruitment. Projected change in relative abundance of
—12% to —13% by 2050.

Overall: recruitment may decline if Aleutian Lows decrease.

Unlikely to impact or unknown.
Projected change in relative abundance of 33%-44% by 2050.

Likely to severely deplete populations by reducing or eliminating recruitment.
Projected change in relative abundance of —13% to —35% by 2050.

Overall: abundance is likely to decline, particularly for southern populations.
Projected change in relative abundance of —40% to —44% by 2050.

Mortality is likely to increase during all life stages when exposed to warm water
temperatures.

Overall: abundance is very likely to decline, particularly for southern populations.
Projected change in relative abundance of —10% to —36% by 2050.

Mortality is likely to increase, but uncertainty is high.
Overall: abundance is likely to decline, particularly in the southern portion of the coast.
Projected decline in relative abundance of 10%-12% by 2050.
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regions are unknown (Haigh et al. 2015). Adult fish may be more tolerant of ocean acidification than
early development stages, but there is limited research on life-stage specific responses to pH for BC
fishes specifically (Haigh et al. 2015). The effects of ocean acidification on shelled organisms, however,
are much more understood (Cooley et al. 2009; Gazeau et al. 2013; Ekstrom et al. 2015; Haigh et al.
2015). Acidification will affect fisheries through negative impacts on food web dynamics and lower
trophic level organisms (Lynn et al. 2013). Shellfish are likely to be affected across life stages, and this
decline in economically important species (oysters, scallops, abalone, and mussels) will affect the
economies of coastal communities in the region. In the Northern Shelf Bioregion, aquaculture is of
great interest to coastal communities and First Nations. Ocean acidification is likely to negatively
affect shellfish aquaculture (Gazeau et al. 2013), and changes to oceanographic conditions including
acidification are likely to affect finfish aquaculture as well (Haigh et al. 2015). The specific effects of
ocean acidification on shelled molluscs vary by species, and a recent review suggested that
acidification most negatively affects survival and shell growth (calcification), followed by respiration
and clearance rates (Gazeau et al. 2013).
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Ocean deoxygenation will affect commercial fish species by reducing high-quality fish habitat.
Declining oxygen levels across the Pacific Ocean will contribute to the general decline and potential
collapse of sessile (immobile) marine species, or sediment-dwelling organisms, as well as any other
species who are intolerant of low oxygen levels. Declining oxygen levels are likely to especially affect
groundfish species, whose deep water habitat seems to already be decreasing by 2-3 m per year as
deoxygenated strata increase ( ). Declining oxygen levels, and increasing
hypoxia, will also likely affect aquaculture operations for vulnerable species, such as Dungeness crab
and spot prawns ( ). Some hypoxia tolerant species (e.g., squid and jellyfish)
may increase in abundance and (or) distribution, potentially outcompeting less tolerant species
(e.g., finfish) ( ; ).

The associated impacts of sea level rise on land erosion and increased runoff is likely to directly affect
nearshore species. Existing shellfish beds are likely to be affected, which will have implications for
many species that depend upon the intertidal ecosystem for habitat and food, especially as juveniles

(salmon, crab, eelgrass, algae, clams, and humans) ( ). Spawning habitat for forage fish,
and rearing habitats for invertebrates, could decrease or be lost due to erosion, subsidence, and
submersion due to sea level rise ( ). This may be particularly problematic for

Pacific herring as coastal marine algal species and habitats used for spawning may be lost as sea levels
rise ( )-

Communities and marine infrastructure

Coastal First Nations and non-First Nations communities depend on the ocean and nearshore
environments for economic, social, and cultural values. The coastal economy of British Columbia is
largely based on the recreational tourism (33%), transport (29%), and seafood (12%) sectors
( , ). These communities are at risk for land loss, damage to coastal infra-
structure, and changes to resource availability, all of which will affect coastal values (

). Especially for First Nations communities, access and availability of traditional
foods has decreased as ecosystems have been exploited or converted to other uses, and the productiv-
ity of remaining intact ecosystems has been impacted by factors including pollution, management
actions, or invasive species. An example of an observed impact of climate change on community food
security is the changing timing of wild plant ripening and harvest ( ;

). Increasing ocean temperatures will impact coastal communities that are reliant on fisheries
and other marine species for food security and economic activities. Many species that are currently
important to coastal communities (First Nations and non-First Nations) are projected to shift north-
wards from their current species range (at rates of 10-18 km/decade) and also decline in relative
abundance (up to ~40% decline depending on the species and climate scenario) (

). Decreased access to these traditional foods also has implications for human health and culture

( )-

Increasing storm surge events have been observed along the BC coast, along with an increasing
frequency of “king tide” events. First Nations cultural sites may be impacted by rising sea levels, storm
surge, and king tide events. For example, cultural sites near Prince Rupert and Metlakatla are experi-
encing erosion and loss of cultural artifacts (A. Paul, personal communication, 24 November 2017).
First Nations communities have observed changes to seasonality of local food gathering practices
( ). Increasing sea levels may be affecting coastal built infrastructure
( ; ), and increasing frequency and intensity of storm events may affect
marine infrastructure (at sea and near-shore; ). Increasing intensity
and frequency of storms is likely to increase inundation risk (flooding) and erosion risk to marine
infrastructure, especially for low-lying communities ( ). Extreme weather events
are expected to create disruptions to marine transportation lanes, potentially lead to wave and wind
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damage to infrastructure and utilities, and reduce access to critical services ( ).
Extreme precipitation events may damage fixed coastal infrastructure such as airports (e.g., Sandspit
Airport on Haida Gwaii) and ports (e.g., Port of Prince Rupert) ( ;

).

Most communities within the NSB are highly dependent on marine infrastructure. The greatest
threats to marine infrastructure in the NSB are likely to be sea level rise and increasing extreme
weather events. Sea level rise will not affect areas along the BC coast equally because of differences

in vertical land movement ( ). Notable cases include the northeastern
coast of Graham Island, Haida Gwaii, an area which is amongst Canada’s most sensitive coastlines
to climate change ( ). In addition, groundwater quality could decline
due to saltwater intrusion as sea levels rise ( ). Sea level rise already
threatens coastal infrastructure, and the added risk of storm surge flooding increases the vulnerability
of coastal infrastructure across the province ( ; ).

Opverall, climate-related impacts to marine infrastructure are likely to be high, especially as many
communities in coastal BC already have infrastructure deficits that will require increased investment
( , ). Future winter and spring SSH levels, which can be due to the expan-
sion of warming waters, are also projected to be consistently higher, which will further exacerbate the
flooding impacts of sea level rise ( ). Large peak flows and storms can interrupt
delivery of goods such as fuel and food to remote places. On the other hand, climate change may also
offer some opportunities for the marine transportation sector: longer construction seasons and
reduced winter maintenance could reduce costs and increase annual operating budgets. Over time,
increased sea levels may mean that vessels with deeper draughts will be able to enter existing ports

( ).

Climate change impacts are likely to continue to unevenly affect communities along the coast because
of different exposures to those impacts. An added dynamic is that any climate-related impact has a
cumulative effect on nonclimatic issues already affecting these communities, such as declining
resource industries, economic or social restructuring, and ongoing land claims agreements in the case
of First Nations. Other impacts on human communities include changing energy demands for heat-
ing, which have declined for buildings across BC, especially in northern BC, as average air tempera-

tures have increased ( ). It is likely that increasing air temperatures, especially during
extremely high temperature events, will lead to greater incidence of heat stroke and potential mortal-
ity ( ). However, increasing air temperatures may attract more tourism for a

longer summer season, which will have positive economic implications for coastal communities. In
general, rural and remote communities in BC tend to have a lower socio-economic index, indicative
of economic hardship, education, health, and other risk factors ( ;

). These trends suggest low adaptive capacity to manage large stressors like climate change

( )-

Adaptation options

In this section, we describe general adaptation strategies that could be applied to the context of coastal
BC that build on existing programs and attributes ( ). Governments and communities need to
remain open to communication and collaboration to develop tools that enable effective adaptations at
regional and sub-regional scales. This included integrated and adaptive management practices that
increase access to and distribution of resources, such as allocating roles and responsibilities,
distribution of relief goods and provision of relief services; developing early warning and evacuation
systems; creating education and awareness programs; and making arrangements for secure shelter
and food, and access to health care, education, economic, and social resources ( ;
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Table 2. General actions for proactive adaptation to climate change recommended in the literature for conservation and management of fisheries and coastal

areas.

Climate change

impact Regional impacts, by sector

Warming ocean Fisheries: shifting species ranges

temperatures

Ocean acidification Aquaculture: declining productivity, larval survival,

and reproductive capacity of calciferous organisms

Sea level rise Ecosystems: intensifying storms and warming oceans
will affect coastal regions through erosion and
degradation of shorelines and wetlands

Wind, waves, and Higher coastal erosion and flooding

Suggested adaptation actions and some regional research gaps

Consider adaptive or dynamic ocean management (Maxwell et al. 2015;
Mills et al. 2015)

Fisheries: adapt fisheries allocations after species abundance/
distributions have changed (Morrison and Termini 2016)

Adjust fishing practices or gears to new species or changing fishery
openings (Morrison and Termini 2016)

Consider land-based saltwater flow-through aquaculture systems as an

alternative to at-sea net pen aquaculture systems

Land-sea parks: nearshore habitat protection can reduce loss and
damage, and promote intact habitats that offer natural coastal defense,
ultimately supporting human livelihoods and ecological recovery
(Roberts et al. 2017)

Apply a precautionary approach: use extreme recurrences for both

storm events

winds and water levels in setting scenarios for mitigation and
adaptation.

Research gaps: impacts of storm surges, especially on low lying regions.
More modeling is needed to improve projections of storm events and
impacts including changes in frequency, intensity, and direction of
future extreme events.

Pelling and High 2005; Green et al. 20065 Pelling et al. 2008; Klein et al. 2014). Here, we present some
options that could translate to the social-ecological setting of the North Pacific Coast, relevant to each
of the four areas of interest we focused on.

Ecosystems, fisheries, and aquaculture

As fish distributions and abundances shift with climate change, fisheries will have to adjust by
changing target species, fishing areas, fisheries openings, and processing locations (Pinsky and
Mantua 2014; Morrison and Termini 2016). Scenario planning exercises can help to identify manage-
ment options to move the spatial extent of fisheries or add value to fishery products if landings are
projected to decline. For instance, adjusting fisheries regulations and harvest licensing prior to species
shifting their range could allow fishers to target new species and exotics as opportunities arise (\Waller
and Sydneysmith 2008; Johnson and Welch 2009; Morrison and Termini 2016). As the distribution of
target species changes, it is also important to adapt fisheries infrastructure and increase the flexibility
of processing and supply chains for fisheries to reduce the impact on local fishing-based economies
(Morrison and Termini 2016). Insuring fishers to provide stability in low income years and decrease
ratcheting up and overfishing, analogous to crop insurance, could help to support fishing-based
communities. Marine conservation tools such as MPAs can also be adapted to climate change by
protecting both the current and future habitats of priority species, or by using dynamic reserves where
the boundaries change over time (e.g., dynamic ocean management) (Hobday et al. 2013; Creighton
et al. 2016). Fisheries management that promotes the adaptive capacity of target fish species and pop-
ulations can also help to support fisheries adaptation. Specific examples include population-based
fisheries management, which depends on understanding the genetic diversity of fish species and
population distributions, to protect weak populations or populations on the edges of species distribu-
tions (Perry et al. 2010; Pinsky and Fogarty 2012). Fisheries management can also aim to protect
fish population age structure to increase resilience to changing environmental conditions by using
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size limits, modifying fishing gear (e.g., net size and reducing post-release mortality of nontarget
individuals; ).

In some cases, reactive management approaches may be suitable or successful given that predictive
modeling of future environmental conditions and associated fisheries may be uncertain (

; ; )-

Reactive management approaches for fisheries and fishing-based communities include flexible and
adaptive management systems that reward innovation, coordination, and collaboration between
regions and management bodies. Increased monitoring and use of indicators can help to prepare
managers and planners as conditions change and management needs shift, for example to manage
dynamic spatial closures to adjust fishing activity based on real-time data on environmental
conditions and fish distributions. Adjusting fisheries reference points to reflect changes in species or
stock abundance depends on high-quality monitoring data of fisheries and environmental variability
but would be effective in supporting fisheries abundance as target species ranges and abundance shifts
( ; ; ). If species distributions or
abundances have already changed, adjusting fisheries allocations can support adaptive fisheries
management, but this depends on high-quality monitoring and modeling of species distributions
and abundances and clearly defined allocation rules based on indicators of change (

). Finally, adjusting fishing practices or fishing gear once fish communities change is also a
reactive adaptation strategy. As fish species distributions and abundances change in response to
climate impacts, fishers will adjust their fishing practices or gear to reduce interactions with nontarget
stocks or protected species. This strategy can have negative tradeoffs based on economic costs and
changes to social structure of communities ( ; ). It also
depends on involving fishers early in management discussions ( ). First Nations may have
fewer options for adaptation, especially given their dependence on marine resources for food security
and cultural values ( ; ;

). In these cases, Indigenous knowledge may offer examples of adaptive strategies to enhance
food security and thus community resilience in these systems. As an example, recent research on clam
garden mariculture illuminated the historical importance of First Nations aquaculture on this coast
( ; ). Learning from these traditional techniques may offer
adaptive strategies for communities now and in the future.

Communities and marine infrastructure

Building adaptive capacity and resilience in remote communities is dependent on a variety of factors,
including: (i) existing local and regional institutional capacity, (ii) local socio-economic development,
(i1i) infrastructure development and condition, and (iv) local experience with extreme weather events
and other environmental or socioeconomic stress ( ; ). Other
factors that can contribute include social networks and cohesion, income diversification, and self-
reliance ( ). However, current social and economic stressors are likely
to reduce the capacity for remote communities to undertake or even consider
climate change adaptation. Many coastal communities within the region already experience economic
hardship and are limited in their capacity to undertake new initiatives or projects, even if the
long-term benefits are relevant. Building on initiatives that are already in place to address environ-
mental and economic changes and incorporating considerations of the impacts of climate change
should be more effective for those communities ( ).

In BC, the provincial government has conducted vulnerability assessments for highway systems and
continues to monitor sea level rise. The British Columbia Ministry of Transportation and
Infrastructure is one of the first jurisdictions to require infrastructure design work for the ministry
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to include climate change implications. However, infrastructure operators in BC have primarily been
responding reactively, rather than anticipating and proactively preparing for projected changes or
impacts ( ). This approach typically results in impacts being more costly
or severe than if proactive adaptation actions had been taken ( ). Some
communities in BC have begun to take action to reduce the risk of sea level rise through investments
in built infrastructure for shoreline protection as an adaptation measure ( ).
Further adaptation examples can be found in urban areas near the Fraser River floodplain, an area
that is highly vulnerable to sea level rise due to low-lying geology and dense population

( ). A recent analysis found that the costs of sea level related damage
to on-shore built infrastructure would be higher in coastal BC than any other coastal region in Canada
( ). Regional models of sea level rise and seasonal climatic variability patterns would

improve the ability of coastal managers to predict flood hazards and associated risk factors for the
region.

Adaptive capacity building at the community level should be supported by national, regional, and
sub-regional institutions and policies. Regional and sub-regional management should understand
how local communities and local institutions function and are managed to support local adaptation
actions and community resilience to major change. A transparent knowledge- and data-based climate
change adaptation process can enhance existing adaptive capacities ( ;

; ; ; ). Particularly, by empowering First Nations,
socio-economic groups that may be already vulnerable can be included in decision-making processes
( ; ). Especially for First Nations communities, past experiences with
historical social, cultural, or economic changes can offer lessons for adapting to climate change. Key
attributes of social adaptive capacity such as social capital and community networks are often already
evident in place-based communities and community ties. However, climate change impacts and
adaptation needs to be seen as relevant for present-day local community planning and management
( ; ). While attributes of resilience may exist inherently,
the impacts of climate change challenge long-term adaptive capacities through rapidly rising sea levels
and coastal storms, new impacts that threaten coastal communities who are dependent on vulnerable
infrastructure and may lack essential relief services ( ). Additional
financial support to cope with these increasing impacts, with land use planning that considers climate
change, can improve the adaptive capacity of coastal communities.

To date, most climate change related adaptations documented in British Columbia have been reactive
responses to unpredicted events, such as extreme forest fires or the mountain pine beetle epidemic
( ; ; ). Planning for
climate change seems to compete with a host of other priorities for the limited capacity of local and
regional governance, as only one of the many stressors that affect the ecosystems, industries, and
communities of British Columbia. For these reasons, cumulative impacts assessment (

; ; , ) may be highly applicable for regional (and (or)
sub-regional) adaptation planning. Proactive adaptation examples for coastal marine infrastructure
include investments in early warning systems, particularly for storm surge related activities.
Additional options include planning for emergency management, such as alternative routes for
evacuations, identifying infrastructure under risk (roads, docks, rail routes, etc.), and programs to
either mitigate impacts, or retreat and relocate if necessary.

Discussion

Effective climate change adaptation requires a strategic stepwise approach that includes identifying
climate impacts and adaptation strategies. Here we presented an initial assessment of vulnerability
and risk in the NSB that can help identify adaptation actions. We aimed to: (i) develop a baseline of
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understanding of the expected climate changes and associated impacts across coastal BC and the NSB
over the coming decades and (ii) provide targeted adaptation strategies and actions that apply to
specific areas of interest to a marine planning process. We also described the process whereby we
worked with a marine planning team to develop reporting on climate change impacts and provide
strategic recommendations. Our research is a starting point for additional work on climate changes,
vulnerability and risk assessments, and climate change adaptation efforts in the NSB. The climate
changes—both observed and projected—outlined in our research are likely to result in multiple
impacts to the key focal areas in the NSB. Long-range planning and early, proactive adaptation efforts
will be very important to accommodate predicted and also unanticipated impacts. This is also the
baseline for communicating likely climate change impacts, as the initial report (with more detail than
this manuscript) is being developed into an interactive web-based portal as a communications tool for
sharing climate change impacts and adaptation recommendations with local and sub-regional
managers and communities (to be available on the MaPP website; ).

Our approach of synthesizing a range of climate change impacts relevant to particular areas of
interest, with direction by a marine planning organization, is intended to be actionable within the
NSB but also comparable with other regions undertaking similar processes. The level of cross-sectoral
assessment that we provided is atypical; more often, climate change assessments focus on a particular
sector or specific climate change impact (e.g., flood control for sea level rise;

). The social-ecological implications of climate change are not novel in and of
themselves; the impacts of warming oceans, increasing air temperatures, ocean acidification, and sea
level rise are well known (e.g., ; ; ;

). By bringing together research on four key areas of interest, in collaboration with a
regional planning and plan implementation partnership, our research provides a more complete
picture of the scale and scope of climate change impacts across social and ecological spheres within
this region. We highlight the lack of regionally downscaled information available within this manage-
ment scale (of the NSB), and in particular, the lack of readily available information for ocean and
coastal areas (vs. terrestrial). Improved climate projections and vulnerability and risk assessments
would advance integrated decision-making and marine planning supporting healthy coastal
communities and economies. In addition, proactive planning for adaptation based on these climate
projections and associated risks would decrease the likely impacts on all areas and sectors.

Uncertainties and knowledge gaps

There is still a great deal of uncertainty in global climate change projections for coastal regions, and
the associated potential impacts, vulnerabilities, and risks ( ; ;

). Part of this uncertainty is due to lack of or limited access to reliable and
continuous data. Statistical downscaling can be used to map coarse-scale global climate model outputs
to finer scale (regional or local) detail, using the empirical relationship between observed climatology
at the finer resolution and coarse-scale model fields. Regional climate models can also produce local
projections, which may better represent the local responses to climate change ( ).
This uncertainty in global climate projections and knowledge of the implications for local vulnerabil-
ities and risk is further amplified by regional variations in local climate which interact with climate
change, such as the El Niflo—Southern Oscillation (ENSO) and Pacific Decadal Oscillation (PDO)

( ; ; ). Particular knowledge gaps both globally and in
our study region include extreme weather events including storm surges (
; ) and sea level rise ( ). A better understanding of the

interactions between climate change projections and the impacts thereof will improve the ability of
regions, communities, and sectors to manage infrastructure and development in a way that facilitates
effective adaptation to the risks associated with sea level changes. While there are likely to continue to
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be uncertainties and knowledge gaps, understanding vulnerability and risk is more meaningful in
smaller scales as characteristics of each community, their socio-economic structure, coastal context,
environmental conditions, and institutional capacity contributes to their local vulnerability.
Therefore, for uncertainties surrounding vulnerability and risk, the main knowledge gap lies with
the lack of existing studies investigating the local and regional exposure and sensitivity to various
climate change impacts. Additional uncertainties in projecting climate impacts derive from the uncer-
tain probability and extent of emissions reductions at a global scale, and therefore the extent of
climate changes.

Next steps and conclusions

The partnership approach that we used was aimed at directing future efforts for climate change
vulnerability assessment and adaptation planning. These types of efforts can help practitioners and
policy-makers to understand priority risks and to identify and implement actions to increase adaptive
capacity with a region or sector ( )- Even more importantly, developing a dialogue
around climate change adaptation will require engaging multiple sectors, governments, and society.
For example, further south, the Cascadia Partner Forum is working to bring together both science
and people to explore future scenarios, explore adaptation options, and broadly develop a shared
adaptation strategy by focusing on specific priority issues within a transboundary region
( ). By developing the initial report into a public facing interactive web portal
( ), we hope that the process, key outcomes, and recommendations from this
work make a larger contribution than a report would alone. Investments in monitoring and research
will also improve our understanding of climate change projections and impacts across the coastal
region and at finer scales such as the MaPP sub-regions. Within BC, monitoring of climate change
related variables, such as sea surface temperature and salinity, is underway within the MaPP
sub-regions carried out by Guardian programs, and there are plans to advance regional-level monitor-
ing. Additional monitoring programs through the Hakai Institute ( ) and MEOPAR
( ) are in progress to monitor key climate change indicators including ocean acidification.

Climate change is an inherently dynamic threat with both continuous and discrete impacts on the
marine environment. Above all, it is imperative that climate change mitigation—reducing greenhouse
gas emissions—is prioritized to minimize the effects of climate change. When new global projections
are available from the IPCC, and new regionally downscaled projections are available within BC and
the Northern Shelf Bioregion, a more specific understanding of the multiple impacts of climate
change may be possible. Vulnerability and risk assessments may be conducted to set regional prior-
ities for further research and monitoring, to understand the economic costs of climate impacts, and
to inform planning and implementation of adaptation actions. However, acting now on climate
change adaptation is important to prepare for the predicted changes ahead, to increase resilience,
and to ensure that economic, social, and cultural opportunities are still available to the communities
of the NSB. We emphasize that given the uncertainty that currently exists in climate change projec-
tions and associated impacts, adaptation actions should be chosen that support resilient social-
ecological systems and are flexible to allow management and communities to evolve as climate change
unfolds.
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