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Abstract
Marine protected area (MPAs) networks can buffer marine ecosystems from the impacts of climate change by allowing species

to redistribute as conditions change and by reducing other stressors. There are, however, few examples where climate change
has been considered in MPA network design. In this paper, we assess how climate change considerations were integrated
into the design of a newly released MPA network in the Northern Shelf Bioregion in British Columbia, Canada, and then
evaluate the resulting network against projected physical and biogeochemical changes and biological responses. We found that
representation, replication, and size and spacing recommendations integrated into the design phase were met in most cases.
Furthermore, despite varying degrees of projected changes in temperature, dissolved oxygen, and aragonite saturation across
the MPA network, suitable habitat for demersal fish species is projected to remain in the network despite some redistribution
among sites. We also found that mid-depth MPAs are particularly important for persistence, as fish are projected to move deeper
to avoid warming in shallower areas. Our results highlight that a representative MPA network with adequate replication, that
incorporates areas of varying climate change trajectory, should buffer against the impacts of climate change.
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Introduction
The establishment of marine protected areas (MPAs) is a

key conservation action used to support and maintain re-
silient marine ecosystems in the face of climate change
(Magris et al. 2014; Roberts et al. 2017; Tittensor et al. 2019;
Jacquemont et al. 2022). Several recent reviews have found
that highly protected MPAs will provide the greatest ecolog-
ical benefits and better buffer against some climate change
impacts by alleviating stressors from other human pressures
(Edgar et al. 2014; Grorud-Colvert et al. 2021; Jacquemont et
al. 2022). MPAs also build resilience against climate impacts
by protecting carbon storage and sequestering habitats (e.g.,
eelgrass, surfgrass, and kelp forests, seabed), promoting ge-
netic diversity associated with higher capacity for adaptation,
and restoring food web structure, including the presence of
apex predators that may buffer climate-induced instabilities
(reviewed in Roberts et al. 2017). However, despite the value
of MPAs for maintaining ocean ecosystem resilience, climate

change is a pervasive threat that has and will continue to im-
pact marine ecosystems despite spatial protection measures
(e.g., Selig et al. 2012; Ross et al. 2020; Stevenson et al. 2020),
and strong emissions reductions are urgently needed to pro-
tect ocean ecosystems (Bruno et al. 2018; Bates et al. 2019).
As mitigation tools, MPAs and MPA networks help buffer cli-
mate change effects on ocean ecosystems (Micheli et al. 2012;
Olds et al. 2014; Ziegler et al. 2023); however, there are few
examples of MPA networks that have built climate change
considerations into their design, and most of them are from
tropical ecosystems (Tittensor et al. 2019).

MPA networks, collections of individual MPAs that oper-
ate cooperatively and synergistically at various spatial scales
under a range of protection levels (WCPA/IUCN 2007), offer
greater resilience to climate change and other stressors than
individual MPAs due to key network design principles includ-
ing representativity, replication, and connectivity (Micheli et
al. 2012; Green et al. 2014; Carr et al. 2017). Standard analyt-
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ical approaches for incorporating representativity and repli-
cation into MPA networks are well established, but incorpo-
rating connectivity remains a challenge (Balbar and Metaxas
2019). One key barrier to incorporating connectivity into
MPA design is that it varies with species life history, dis-
persal ability, habitat associations, and migration patterns,
among other ecological traits (Bryan-Brown et al. 2017). De-
spite its recognized importance for MPA network effective-
ness, a recent review found that only 11% of global MPAs con-
sidered connectivity in their design, mostly due to limited
data (Balbar and Metaxas 2019). In the absence of connectiv-
ity models for all focal species in the planning process, MPA
networks are often designed using rules of thumb to incor-
porate connectivity. These rules are usually informed by life
history characteristics such as planktonic larval duration of
focal species (e.g., Burt et al. 2014; D’Aloia et al. 2017) and in-
form MPA size and spacing recommendations that serve as a
surrogate for connectivity in the design of the network.

An MPA network that is representative and well-distributed
in space and with adequate replication across environmental,
physical, and latitudinal gradients allows for potential future
shifts in species distributions and is more likely to incorpo-
rate areas with different climatic trajectories and histories.
These features add further robustness to the MPA network
in the face of climate change (Tittensor et al. 2019). Climate
refugia, areas that are more stable or experience incremen-
tal change through time (Barnosky 2008; Ban et al. 2016), al-
though often rare, have also been recommended for inclu-
sion in protected area design (Morelli et al. 2016; Tittensor
et al. 2019; Walsworth et al. 2019; Wilson et al. 2020). Slower
rates of change within climate refugia may allow the time
necessary for populations to adapt to changing conditions in
comparison to areas that may experience accelerated change.
This kind of adaptation to climate change can help determine
the persistence of future populations and the magnitude of
range shifts (e.g., Pinsky et al. 2013). The nature of local adap-
tation to a range of representative environments in the plan-
ning area that includes different climatic histories and tra-
jectories can help to protect the high levels of adaptive ge-
netic variation that are essential to future climate adaptation
(Bell and Gonzalez 2009; Norberg et al. 2012; Orr and Unck-
less 2014; Thompson and Fronhofer 2019). In the absence of
data on the climate histories and genetic diversity of species
in the MPA network planning area, an alternative is to rely
on representativity to ensure that a range of physical (e.g.,
depth), geographical (e.g., latitude), and environmental (e.g.,
temperature) gradients are well represented, replicated, and
adequately connected in the MPA network, thereby providing
the greatest chance that climate and genetic heterogeneity
are also included.

MPAs and MPA networks have more recently been high-
lighted as tools for climate change mitigation, in part
through the protection of “blue carbon ecosystems”, or
coastal ecosystems that sequester and store organic carbon,
such as eelgrass meadows, salt marshes, and canopy-forming
kelp forests (Jacquemont et al. 2022; Jankwoska et al. 2022).
Often, these ecosystems are targeted for protection in MPAs
for their ecological value, where they provide structural habi-
tat for numerous fish and invertebrates, including those

of cultural and commercial importance (Gale et al. 2019;
Rubidge et al. 2020; Unsworth et al. 2022). However, the pro-
tection of these habitats also provides the co-benefit of car-
bon storage and sequestration, though the amount of car-
bon fixed and stored may vary regionally (Krause-Jensen and
Duarte 2016; Röhr et al. 2018). Despite this variation and as-
sociated uncertainty around specific carbon fixation rates,
there is building evidence on how to more directly include
blue carbon ecosystems in MPA design to maximize climate-
change mitigation benefits (Sala et al. 2021; Epstein and
Roberts 2022; Jankowska et al. 2022).

Recent papers have been calling for more climate-robust
or “climate-smart” ocean planning, where MPA networks
are a cornerstone of approaches and explicitly managing
and designing MPAs with climate change as an overarch-
ing factor is key (Wilson et al. 2020; O’Regan et al. 2021;
Bryndum-Buchholz et al. 2022; Buenafe et al. 2023). Adap-
tation strategies that can be implemented by MPA networks
to increase resilience include protecting climate refugia, pro-
tecting future habitats of priority species, increasing connec-
tivity, increasing heterogeneity, incorporating blue-carbon
ecosystems, and reducing other stressors (Wilson et al. 2020;
Bryndum-Buchholz et al. 2022). Here, we present a case study
on a proposed MPA network in Pacific Canada to illustrate
how climate change considerations were built into the net-
work design. Canada has committed to establishing MPA net-
works as part of its effort to meet international and national
targets to protect 30% of their ocean and coastal waters by
2030 (PMO 2021; CBD 2022). The MPA network in the North-
ern Shelf Bioregion (NSB; Fig. 1) was announced by the plan-
ning governments of 15 First Nations,1 British Columbia (BC),
and Canada in February 2023 (MPA Network BC Northern
Shelf Initiative 2023). The objectives of this paper are to (1)
evaluate the final proposed network against design strategies
and guidelines linked to climate resilience developed and ap-
plied by the NSB MPA network technical team (MPATT); (2)
assess how the proposed MPA network is projected to change
in physical and biogeochemical characteristics (temperature,
dissolved O2, and ocean acidification) under potential future
climate change; and (3) evaluate how the proposed NSB net-
work scenario will protect the future habitat of demersal fish.

Study area——Northern Shelf Bioregion
The NSB, one of 12 marine bioregions in Canada (DFO

2009), on the BC coast covers about 102,000 km2 of the con-
tinental shelf and extends from Bute Inlet on the east side
of Vancouver Island, north to the Alaska border (Fig. 1). The
NSB is a biodiverse and culturally rich area. It is home to over
30 First Nations and communities and spans many ecosys-
tems, from estuaries, rocky and sandy beaches, and deep in-
land fjords, to continental shelf and trough ecosystems down
to deep slope waters off the west coast of Haida Gwaii. To

1 MPATT Governance partners: Gitga’at, Gitxaala, Haisla, Kitse-
las, Kitsumkalum, Metlakatla, Heiltsuk, Kitasoo/Xai’xais, Nuxalk,
Wuikinuxv, Mamalilikulla, Kwiakah, Tlowitsis, and Wei Wai Kum
First Nations; Council of the Haida Nation; the Province of British
Columbia; and the Government of Canada.
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Fig. 1. Marine ecosections and subregional boundaries within the planning area for the MPA network in the Northern Shelf
Bioregion (NSB).

support marine spatial planning efforts, the NSB was further
divided into four planning subregions: North Coast, Central
Coast, North Vancouver Island, and Haida Gwaii (Fig. 1).

As with the rest of Canada’s Pacific Ocean, the NSB waters
are warming and becoming more acidic and less oxygenated,
and marine heatwaves are becoming more frequent and ex-
treme (Boldt et al. 2021). Biological consequences from cli-
mate change are evident in the NSB and surrounding wa-
ters (Weatherdon et al. 2016; Cheung and Frölicher 2020;
Whitney et al. 2020; English et al. 2022; Reid et al. 2022; Free
et al. 2023), and warming and associated biological responses
are projected to increase in magnitude with future climate
change (e.g., Holdsworth et al. 2021; Thompson et al. 2023;
Peña and Fine 2023).

Climate change considerations in NSB
MPA network development

Within the NSB, several previous planning processes have
been initiated over many years by different groups of part-
ners at a variety of scales (e.g., CCFN 2012; MaPP 2015;
PNCIMA Initiative 2017). This long history provided a foun-
dation for MPA network planning, and in 2015, the tripar-
tite Marine Protected Area Network Technical Team (MPATT)
was established to complete technical work on MPA network
planning in the NSB. MPATT operates under the guidance of
decision-makers from the governments of 15 First Nations,
the province of British Columbia, and Canada, and includes

representatives from each planning partner. Below, we sum-
marize how the MPATT team integrated climate change con-
siderations into the design of the NSB MPA network, using
the data available at the time of network development.

MPA network goals and objectives
The NSB MPA network planning process followed a clas-

sic systematic conservation planning approach (Margules and
Pressey 2000). The development of the MPA network was
based on six overarching network goals identified in the
2014 Canada-BC MPA Network Strategy, with the primary
goal (Goal 1) being “To protect and maintain marine bio-
diversity, ecological representation and special natural fea-
tures” (Canada-BC Marine Protected Area Network Strategy
2014; MPA Network BC Northern Shelf Initiative 2023). Inte-
grating climate resilience as an overarching goal, as recom-
mended by Bryndum-Bucholz et al. (2022), was not explicitly
stated in the NSB MPA network plan; however, resilience in
the face of environmental change is clearly stated as one of
seven objectives under the primary goal for MPA network
planning in the NSB. This ecological resilience objective is
stated as “to contribute to the conservation of the diversity of
species, populations and ecological communities, and their
viability in changing environments” (MPA Network BC North-
ern Shelf Initiative 2023). Further, ecological design guide-
lines solicited by MPATT from experts in the field and re-
viewed by stakeholders specific to the NSB network planning
process specified the importance of “consider(ing) expected
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effects of climate change on habitats and species in deter-
mining replication and representation of Conservation Prior-
ities and distribution of MPAs to foster ecological resilience”
(Lieberknecht et al. 2016).

Conservation priorities and design strategies
Linked to the ecological network objectives under Goal

1, a framework was developed to identify ecological conser-
vation priorities (DFO 2017; Gale et al. 2019), and research
was done to develop MPA network design strategies (DFO
2019; Martone et al. 2021). The conservation priorities are the
ecological and cultural features to be protected in the net-
work, such as species, habitats, and sites of cultural impor-
tance (see MPA Network BC Northern Shelf Initiative (2023)
for more details). Two types of ecological conservation pri-
orities were identified: species-based conservation priorities
and area-based conservation priorities. Species-based conser-
vation priorities were selected based on their ecological role,
their conservation status, and their vulnerability. Area-based
conservation priorities were identified using the network ob-
jectives, specifically the protection of “representative habi-
tats”, “ecologically significant areas”, and the conservation of
biological communities and their “viability in changing envi-
ronments”.

The ecological design strategies describe how ecological
conservation priorities will be spatially incorporated into the
MPA network and include advice on representation and repli-
cation of conservation priorities (e.g., 20%–40% eelgrass beds,
two to three replicates within each subregion) and MPA size,
spacing, and protection levels (Martone et al. 2021). The tar-
get ranges were developed systematically for all species-based
and area-based conservation priorities, linked to specific net-
work objectives, and subject to expert review. They were then
used in site selection analyses based on the spatial data avail-
able to represent each conservation priority. Details and the
final targets are available in Martone et al. (2021) and the MPA
Network BC Northern Shelf Initiative (2023) Compendium 2.

MPA size/spacing
For MPA size, Martone et al. (2021) updated a synthesis of

adult fish movements (Burt et al. 2014) to generate the dis-
tribution of adult home ranges for nearshore and shelf/slope
conservation priorities, and MPA size recommendations were
based on the rule of thumb that MPAs should be at least twice
as large as those required for species with intermediate home
ranges (Palumbi 2004; DFO 2019; Martone et al. 2021). For
nearshore species, many were found to have a range of less
than 1 km and therefore MPAs of 13–50 km2 were recom-
mended. For species with intermediate home ranges, larger
MPAs (50–150 km2) were recommended. MPA spacing recom-
mendations were included as an initial means of address-
ing connectivity using pelagic larval duration and dispersal
distance values compiled from the literature and existing
studies (e.g., Shanks 2009; Burt et al. 2014). Similar to MPA
size, spacing guidelines were based on species with interme-
diate dispersal distances, and MPAs spaced 40–200 km apart
were recommended, with nearshore MPAs spaced closer than
shelf/slope MPAs. This work fed into the site selection analy-

ses and is summarized in a science advice report and associ-
ated documents (DFO 2019; Martone et al. 2021).

It is important to note that while climate change was a con-
sideration and integrated into the design using the science
advice summarized above, there were multiple other inputs
and considerations in the MPA network planning process that
influenced the final footprint of the proposed network. Thus,
this analysis is not intended to evaluate the network against
its full suite of goals and objectives and only provides an as-
sessment of how well the final-draft MPA network design ad-
dressed climate change by evaluating the conservation prior-
ities linked to climate resilience, specifically climate refugia,
representative areas, and MPA size and spacing. Finally, the
network is intended to be implemented in phases as outlined
in the Network Action Plan (MPA Network BC Northern Shelf
Initiative 2023). Implementation categories include existing
MPAs and Rockfish Conservation Areas (RCAs), Category 1
sites intended for implementation by 2025, and Category 2
sites intended for implementation by 2030. Category 3 areas
were also identified and have ecological and cultural impor-
tance but require further conversations among the planning
partners and other First Nations prior to proposing any addi-
tional network zones within them (Fig. 2; MPA Network BC
Northern Shelf Initiative 2023).

Methods

Evaluating representation and replication
To determine how well the final NSB network design ad-

dresses climate change objectives, we assessed the repre-
sentation and replication of features linked to climate re-
silience in the proposed MPA network. This includes broad-
scale ecological and physiographic classifications to repre-
sent both biological and environmental gradients and hetero-
geneity, and two important biogenic habitats that have also
been identified as blue-carbon ecosystems——eelgrass mead-
ows and canopy-forming kelp forests (Table 1). The biophys-
ical units identified as part of the Pacific Marine Ecologi-
cal Classification System (PMECS) represent fish and inverte-
brate communities and associated depth ranges (Rubidge et
al. 2016a, 2016b), whereas the British Columbia Marine Eco-
logical Classification (BCMEC) Ecosections represent physical
and oceanographic classes on the BC coast (Zacharias et al.
1998).

Eelgrass and canopy-forming kelp habitats were identified
as conservation priorities and targeted in NSB MPA network
site selection analyses for their ecological importance (Gale et
al. 2019). An assessment of the representativeness of eelgrass
and kelp captured in the network provides a starting point
for understanding the blue carbon co-benefits of protected
areas.

To assess representation, we used the intersect tool in Ar-
cGIS 10.7.1 (ESRI 2019) to calculate the area overlap and pro-
portion of each spatial dataset captured in the proposed net-
work footprint and compared the proportions to the tar-
get ranges established through the ecological design strate-
gies (Martone et al. 2021). Feature replication was assessed
by counting the number of sites within each subregion that
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Fig. 2. Proposed MPA network in the Northern Shelf Bioregion (NSB), including implementation categories. Category 1 sites
are intended to be implemented by 2025, followed by Category 2 sites by 2030.

contained at least 1% of the total spatial coverage of the fea-
ture (defined as one replicate), with the aim of achieving two
to three replicates for each feature within each subregion,
which represent areas of different geographies and latitudes
within the NSB (Fig. 1).

Integrating climate refugia
Climate refugia were identified as an area-based conserva-

tion priority for the NSB network (Gale et al. 2019). How-
ever, areas of climate refugia are not yet well-characterized

in Pacific Canada waters, and an analysis of oceanographic
features (sea surface temperature, sea surface height, and
chlorophyll a) found few areas of stability (Ban et al. 2016).
Given the lack of clearly defined climate refugia in the NSB,
there was no spatial dataset to specifically target and incor-
porate into the MPA network design. However, using expert-
identified approaches, Ban et al. (2016) also identified signifi-
cant features that would likely support oceanographic stabil-
ity, including shallow seamounts (peaks <300 m below sur-
face), offshore banks (e.g., Moresby and Goose Island Banks),
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Table 1. Spatial datasets used to represent ecological conservation priorities linked to climate resilience for MPA network
planning in the Northern Shelf Bioregion (NSB) (Gale et al. 2019).

Category Ecological conservation priority Spatial feature Spatial dataset used

Ecological
classifications

Benthic ecological units from Pacific
Marine Ecological Classification
System (PMECS)

Biophysical units PMECS: Biophysical Units (Rubidge et
al. 2016b)

Ecological
classifications

Ecological units from BC Marine
Ecological Classification (BCMEC)

Marine ecosections BCMEC: Ecosections (Zacharias et al.
1998)

Physical features Climate refugia Shallow seamounts <300 m n/a

Physical features Underwater banks (climate refugia) Underwater banks (e.g.,
Moresby and Goose
Island Banks)

PMECS: Biophysical Units (Other
banks) (Rubidge et al. 2016b)

Physical features Marine areas influenced by freshwater
discharges with high oxygen levels
(climate refugia)

Estuaries Estuaries (PBHJV Technical Team 2020)

Physical features Areas important for carbon
sequestration/blue carbon

Biogenic habitats: eelgrass
meadows

Eelgrass (Zostera marina) (Proudfoot
and Robb 2022)

Physical features Areas important for carbon
sequestration/blue carbon

Biogenic habitats:
canopy-forming kelp
forests

Bull kelp (Nereocystis luetkeana) and
Giant kelp (Macrocystis pyrif era)
(BCMCA Project Team 2011)

shelf areas protected by coastal buoyancy currents, zones
of strong tidally driven vertical mixing, and zones of fresh-
water outflow from large rivers or streams. Therefore, we
evaluated the inclusion of the physical features that may
support more oceanographically stable areas for which we
had available spatial datasets in the proposed network (Table
1). This was done following the methods described above
for representativity using the intersect tool in ArcGIS 10.7.1
(ESRI 2019).

Evaluating MPA size and spacing
Individual MPAs within the networks were evaluated

against the size recommendations provided in Martone et al.
(2021) using ArcGIS 10.7.1 (ESRI 2019). Using the calculate ge-
ometry tool, we first calculated the area of each existing site
and then recalculated individual site areas after the addition
of Category 1 network sites and Category 2 network sites. For
analysis, we dissolved zones within sites and calculated the
area of the largest contiguous polygon for each type of MPA
(existing, Category 1, and Category 2). Although it is under-
stood that zones within these sites may vary in protection
level, all adjacent zones will be under some sort of conser-
vation management and therefore contribute to the overall
network-level objectives. We evaluated the size of each MPA
against the minimum size (13 km2).

Recommended spacing requirements suggest all sites
should be within 40–200 km from each other (Martone et
al. 2021). Spacing requirements were evaluated based on Eu-
clidean distance from the MPA edge to the nearest neighbour-
ing edge with land as a barrier using the Spatial Analyst ex-
tension in ArcGIS 10.7.1 (ESRI 2019). This is an initial assess-
ment of whether the proposed MPA network fits spacing ad-
vice; however, more comprehensive evaluations of connectiv-
ity incorporating biophysical models and ocean currents are
ongoing (Thompson et al. In press).

Projected environmental and biological
changes in MPAs

Description of regional ocean models

Two regional ocean models have been developed for the
British Columbia continental margin (BCCM), and we used
these to analyze projected changes in environmental param-
eters in the NSB under future climate change (Fig. 2). Each
model has outputs for a historical or hindcast time period
and a projected future time period under RCP4.5, represent-
ing moderate emissions mitigation, and RCP8.5, represent-
ing a no mitigation worst-case scenario (Moss et al. 2010). We
have elected to use RCP4.5 for all analyses presented in this
paper to provide a conservative estimate of future changes
and because differences in projected change between RCP4.5
and 8.5 are relatively minor over the time span used in the
projections (1985–2065; Peña et al. 2019; Holdsworth et al.
2021; Peña and Fine 2023). The models have been developed
using different frameworks and parameterizations, so con-
trasting their outputs allows us to account for uncertainty
in the downscaling methods used. The Northeastern Pacific
Canadian Ocean Ecosystem Model (NEP36-CanOE) was devel-
oped by Holdsworth et al. (2021). This model is a regional
configuration of the Nucleus for European Modelling of the
Ocean (NEMO 3.6; Madec 2008). The NEP36-CanOE model do-
main spans the Canadian Pacific Ocean east of 140◦W and
north of 45◦N with a spatial resolution of 1/36◦ (1.5–2.25 km)
and 50 vertical levels. Because the model was forced with at-
mospheric climatologies (with augmented winds), model out-
puts represent climatologies of the historical 1986–2005 pe-
riod and future 2046–2065 projections. The ocean circulation-
biogeochemical model for the BCCM was developed by Peña
et al. (2019). The model is a Regional Ocean Modelling Sys-
tem (ROMS; Haidvogel et al. 2008) implementation and covers
the Canadian west coast, extending from the Alaska border
(∼51◦N) to the south of the Columbia River (∼47◦N) and out
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to about 400 km from the shore. The model grid has a hori-
zontal resolution of 3 km and a vertical resolution of 42 non-
uniform sigma levels. The model outputs used in this study
are from a 30-year-long hindcast simulation for the period
1981–2010 and a future projection for the period 2041–2070
(Peña and Fine 2023). The regional models are not well re-
solved in nearshore areas because of complex bathymetry,
numerous islands, and narrow channels, and so we excluded
these areas from our analysis. Additionally, due to insuffi-
cient freshwater inputs, aragonite saturation values in the
NEP36 model are unrealistic in the shallowest areas to the
east of Haida Gwaii (Holdsworth (personal communication))
and so we have excluded this area for this model as well. The
BCCM overlaps with 52 MPA sites, and the NEP36 overlaps
with 46 (45 for aragonite saturation) of the 119 sites. How-
ever, 73.0% and 69.2% of the total area of the MPA network
overlaps with the BCCM and NEP36 models, respectively, be-
cause the sites that do not overlap are predominantly small
and nearshore.

Building on methods developed by Friesen et al. (2021), we
calculate projected seasonal changes in environmental pa-
rameters for each raster grid cell as the difference between
the historical hindcast and the projected future value based
on an RCP4.5 emissions scenario. Seasons were split into win-
ter (Dec–Jan–Feb), spring (Mar–Apr–May), summer (Jun–Jul–
Aug), and fall (Sep–Oct–Nov) as in Morrison et al. (2014). We
calculated projected changes in (1) temperature, (2) dissolved
oxygen, and (3) aragonite saturation state for benthic waters.

MPA network and fish distributions under future
change

We used existing species distribution model (SDM) pro-
jections of 34 groundfish species (Thompson et al. 2023) to
evaluate how the NSB MPA network would protect demersal
fish assemblages under current and future climates. These
SDM projections were generated by estimating species’ spe-
cific environment-occurrence relationships based on temper-
ature, dissolved oxygen, and depth from 31,239 fisheries in-
dependent trawl surveys that span from California to Alaska
over the period from 2000 to 2019. Estimated changes in oc-
currence at a 3 km resolution were then generated based on a
historical baseline of 1986–2005 and a future RCP4.5 scenario
in 2046–2065, using outputs from the BCCM and NEP36 re-
gional climate models described previously. Here we used R
(R Core Team 2022) and the sf package (Pebesma 2018) to ex-
tract projections for all species in grid cells that intersect the
MPA network. We calculated species richness in each grid cell
as the summed probability of occurrence across all species
(Ovaskainen and Abrego 2020) and then calculated projected
species richness change as the future value subtracted from
the historical value (Thompson et al. 2023). We also estimated
whether species that were historically present in an MPA are
projected to remain present in that MPA under future condi-
tions. For this, we assumed that a species is present in an MPA
in a given time period if it has a probability of occurrence
in any grid cell in the MPA that exceeds 50% of the species-
specific regional maximum occurrence probability in the his-

torical baseline. This species-specific presence threshold was
used because some species are more common than others,
and using a common occurrence probability threshold would
not account for this. The proportion of species that persist in
the MPA is the number of species that were present histori-
cally and are projected to remain present in the MPA divided
by the number of species that were estimated to have been
present historically. We estimated the number of species that
persist in the MPA network as a whole by performing the
same calculation, but considering all grid cells that fall into
any MPA.

Results

Representation and replication
Our evaluation of the representation of broadscale ecolog-

ical and physiographic classifications indicates that all rep-
resentation targets were met for the features assessed. For
some classes, only one replicate is present in each subregion
(Table 2), but in most cases, this is because only a small por-
tion of that class exists in that subregion or because plan-
ning is ongoing in the area (e.g., Category 3 area within the
North Vancouver Island subregion). Environmental gradients
and species assemblages associated with these classifications
are captured and replicated where possible, resulting in a net-
work that is representative of the ecosystems in the planning
area——from deep slopes to estuaries (Table 2).

Eelgrass meadows and canopy-forming kelp ecosystems are
also well represented and replicated across the MPA network
footprint (Table 2), as intended following the recommenda-
tions in Martone et al. (2021).

Although no true climate refugia, as defined areas of rel-
ative climate stability through time, were identified for the
NSB, we evaluated features that may provide more oceano-
graphic stability and determined if they should be incorpo-
rated into the proposed network. The only seamount found in
the NSB network has a summit depth of ∼800 m from the sur-
face (Du Preez (personal communication)) and therefore does
not meet the suggested minimum summit depth for creating
some oceanographic stability reported by Ban et al. (2016).
The Biophysical Units “Other Banks” classification, however,
does capture both Moresby and Goose Islands Banks, where
depths at the summits of these rocky banks reach <110 m,
supporting recurring oceanographic features that may pro-
vide stability, as highlighted in Ban et al. (2016). In addition,
zones of freshwater outflow, which we assessed using estuar-
ies, indicate a high proportion of representation, where 35%
of mapped estuaries in the NSB are included in the MPA net-
work footprint.

MPA size and spacing
We assessed individual MPA size across the proposed net-

work by MPA type: existing, Category 1, and Category 2.
Prior to the development of the MPA network, 51% of ex-
isting sites were smaller than the minimum recommended
size (<13 km2) with a mean size of 197 km2, ranging from
0.004 km2 (Echo Bay Marine Park) to 7180 km2 (Scott Islands
Marine National Wildlife Area). After the implementation of
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Table 2. Representation and replication of broadscale ecological classifications, select blue-carbon habitats, and features sup-
porting oceanographic stability in the proposed NSB MPA network scenario.

Category
Ecological conservation priority

and spatial feature

Ecological
conservation
target range

Target achieved in
proposed NSB MPA
network

Replication (subregion
with feature present:
number of replicates)

Ecological classification Biophysical Units
(PMECS)——Dogfish Bank

5%–16% 10% HG: 4

Ecological classification;
oceanographic stability

Biophysical Units
(PMECS)——Other Bank

10%–30% 23% CC: 1

NVI: 1

Ecological classification Biophysical Units
(PMECS)——Shelf

3%–8% 27% CC: 7

HG: 12

NC: 7

NVI: 3

Ecological classification Biophysical Units
(PMECS)——Slope

4%–11% 31% CC: 1

HG: 6

NVI: 1

Ecological classification Biophysical Units
(PMECS)——Trough

3%–10% 26% CC: 3

HG: 11

NC: 3

NVI: 1

Ecological classification Ecosections——Continental Slope 4%–11% 37% CC: 2

HG: 10

NVI: 1

Ecological classification Ecosections——Dixon Entrance 5%–15% 17% HG: 10

NC: 1

Ecological classification Ecosections——Hecate Strait 5%–14% 26% HG: 6

NC: 5

Ecological classification Ecosections——Johnstone Strait 9%–28% 26% NVI: 14

Ecological classification Ecosections——North Coast Fjords 4%–13% 35% CC: 12

NC: 14

NVI: 0

Ecological classification Ecosections——Queen Charlotte
Sound

3%–8% 30% CC: 8

HG: 3

NC: 6

NVI: 2

Ecological classification Ecosections——Queen Charlotte
Strait

10%–30% 20% NVI: 11

Ecological classification Ecosections——Vancouver Island
Shelf

9%–28% 53% CC: 1

NVI: 4

Biogenic habitat Eelgrass polygons 20%–40% 49% CC: 3

HG: 4

NC: 2

NVI: 3

Biogenic habitat Bull kelp polygons 20%–40% 78% CC: 1

HG: 4

NC: 5

NVI: 3
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Table 2. (concluded).

Category
Ecological conservation priority

and spatial feature

Ecological
conservation
target range

Target achieved in
proposed NSB MPA
network

Replication (subregion
with feature present:
number of replicates)

Biogenic habitat Giant kelp polygons 20%–40% 76% CC: 1

HG: 4

NC: 3

NVI: 2

Oceanographic stability Estuary polygons 20%–60% 35% CC: 3

HG: 4

NC: 5

NVI: 3

Oceanographic stability Seamounts <300 m from surface n/a∗ n/a

Note: Target ranges to meet network objectives set using methods in Martone et al. (2021) and summarized in the Network Action Plan (MPA Network BC Northern
Shelf Initiative 2023). The results for proportion of each feature proposed do not take into consideration the potential influence of human activities that may be allowed
to occur within the network zones, which may influence the effectiveness of protection. Replication was summed by subregions shown in Fig. 1 (HG, Haida Gwaii; CC,
Central Coast; NC, North Coast; NVI, North Vancouver Island).

Category 1, 32% of sites in the network (now comprising ex-
isting and Category 1 sites) fell below the minimum size, with
a mean site area of 242 km2. Once Category 1 and 2 sites are
implemented alongside the existing sites, the mean size of
the sites in the network increases slightly (to 254 km2). While
the median size of sites is 26 km2, about 32% of sites remain
below the minimum size guideline (Supplemental Fig. S1).
Most of these sites are existing provincial MPAs located in the
North Vancouver Island subregion where conservation plan-
ning efforts are ongoing (Category 3).

MPA spacing recommendations were met in the proposed
MPA network scenario. All individual MPAs in the network
are within 200 km of their nearest neighbour, as measured
by nautical distance, and 99% of MPAs are within 40 km of
their nearest neighbouring MPA.

Physical and biogeochemical changes in the
MPA network

Our evaluation of climate change projections across the
network indicates that we have captured different climate
trajectories across MPAs in the network. Temperature, dis-
solved oxygen, and aragonite saturation changes are pro-
jected to change across the network, but individual MPAs will
vary in the degree and types of change (Figs. 3, 4, and S2–
S5). For example, shallow MPAs (30 m) are expected to warm
more than two times more (mean temperature change: BCCM
= +1.3◦ C, SE = 0.02; NEP36 = +1.76◦ C, SE = 0.05) than deep
MPAs (1000 m) (mean temperature change: BCCM = +0.16◦ C,
SE = 0.04; NEP36 = +0.24◦ C, SE = 0.09; Table S1). Although
oxygen decreases are projected to be higher in shallow than
deep MPAs (Fig. 3b), deep MPAs are already near threshold lev-
els for many species, so small losses in O2 at depth are more
biologically meaningful than the larger dissolved O2 losses
projected in shallow MPAs. Aragonite saturation is also pro-
jected to have greater decreases in shallow MPAs than deep
MPAs (Figs. 3c, 4e, and 4f), but saturation levels are already
lower at depth.

Examining the patterns of change by MPA implementation
category shows that existing MPAs covered a range from shal-

low to mid-depths, but the addition of deeper Category 1 net-
work sites improved the representation of variation in cli-
mate trajectories of the region, particularly the deepest sites
that are generally expected to warm less (Figs. 3 and 4).

Protection of future fish habitats
Fish biodiversity is projected to change under future cli-

mate change in the NSB, and the changes vary greatly within
the proposed sites of the MPA network, ranging from in-
creases in species in some MPAs to decreases in other MPAs
(Figs. 5 and 6). The network as a whole, however, should pro-
tect suitable habitat for all 34 groundfish species (see Table
S2 for a list of species), both now (historical baseline) and
in the future based on an RCP 4.5 scenario for 2046–2065
(Fig. 6), despite some redistribution among network sites.

Existing MPAs and Category 1 MPAs span the full range
of projected changes at the regional scale, while Category 2
MPAs include more areas where fish biodiversity is projected
to increase (Fig. 7). Shallow MPAs are projected to lose the
most species, but MPAs at depths of 100 m or greater should
retain almost all of their species and may even increase in
diversity as shallow species shift to deeper depths to avoid
warmer waters (Fig. 6). Consistent with the analyses of phys-
ical changes in the MPAs, the warming associated with shal-
low MPAs is associated with projected decreases in fish rich-
ness, and the O2 decreases in some deeper MPAs are also as-
sociated with more subtle decreases in fish richness.

Discussion
Integrating climate change considerations into MPA net-

work design is a challenging yet necessary task to provide the
best chance of recovery, persistence, and adaptation for the
species within MPAs. Here we show that a representative net-
work with adequate replication following design principles
using the best available data at the time of planning and op-
erationalizing rules of thumb generally results in a climate-
robust MPA network. Despite varying degrees of projected
changes in temperature, dissolved oxygen, and aragonite sat-
uration across the MPA network, the projected suitable habi-
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Fig. 3. Mean projected change in temperature (a), dissolved oxygen (b), and aragonite saturation (c) in each MPA by mean depth
for that MPA. Each point represents a single MPA, with the colour indicating its category. Projections are based on the BCCM
(left panel) and NEP36 (right panel) regional ocean models under the RCP 4.5 emissions scenario. The solid black line and grey
ribbon are the means and 95% confidence intervals from a general additive model with four knots. The dashed horizontal line
indicates no projected change.
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Fig. 4. Mean projected change in temperature (a, b), dissolved oxygen (c, d), and aragonite saturation (e, f) in each 3 km grid
cell that falls within the MPAs. Projections are based on the BCCM (left panel) and NEP36 (right panel) regional ocean models
under the RCP 4.5 emissions scenario. The map projection is NAD83/BC Albers, and the basemap was produced by the Canadian
Hydrographic Service, DFO.
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Fig. 5. Projected demersal fish species richness change between a historical baseline of 1986–2005 and 2046–2065 for each
grid cell in the model extent. Grid cells are distinguished based on their MPA category (columns 1–3) and if they fall outside
of the MPAs (right). Projections are based on the BCCM (top) and NEP36 (bottom) regional ocean models under the RCP 4.5
emissions scenario. The map projection is NAD83/BC Albers, and the basemap was produced by the Canadian Hydrographic
Service, DFO.

Fig. 6. Demersal fish species richness changes in individual MPAs vs. mean depth in each MPA. Each point represents an
individual MPA; the colour shows the proportion of species that were historically (1986–2005) present in an MPA that are
projected to remain present in 2046–2065; and the shape shows its MPA category. Projections are based on the BCCM (left)
and NEP36 (right) regional ocean models under the RCP 4.5 emissions scenario. For this analysis, we assumed that species are
present if they have a probability of occurrence in any grid cell in the MPA that is at least 50% of their species-specific regional
maximum occurrence probability in the historical baseline period (1986–2005). Occurrence probabilities are from Thompson
et al. (2023).
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Fig. 7. Distributions of projected changes in demersal fish
species richness across all 3 km grid cells within each MPA
category. The distributions from the two models are paired
for comparison, with the BCCM (red) shown below the axis
and the NEP36 (turquoise) shown above the axis. Projections
from both regional ocean models are based on the RCP 4.5
emissions scenario.
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tat for 34 demersal fish species remains protected within the
network footprint under RCP 4.5. This result highlights the
importance of networks above individual MPAs and that in-
cluding the full suite of MPAs within the NSB network is im-
portant for overall network climate robustness. For demersal
fish species in this region, mid-depth sites are particularly im-
portant for persistence, as fish are projected to move deeper
to avoid warming in shallower areas. The climate resilience
of the NSB network will improve as sites are implemented——
protection of suitable habitat for all species under both cur-
rent and future climates requires all three categories of sites
(i.e., existing MPA/RCA, Category 1, and Category 2).

Timing and uncertainty impact the use of
spatial outputs in the MPA network design
process

Many studies have evaluated the impacts of climate change
on MPAs from global to local scales (Bruno et al. 2018; Bates et
al. 2019), but there are fewer examples of the extent to which
climate change considerations were integrated into MPA net-
work design at the outset. Often, the lack of data or the un-
certainty associated with broadscale climate projection mod-
els are the barriers to integrating climate change into ma-
rine spatial and conservation planning (Tittensor et al. 2019;
Wilson et al. 2020), and this was true for this planning pro-
cess as well. For example, Whitney et al. (2023) used global

climate models (GCMs) and available information on correl-
ative marine species distributions in the NSB to better un-
derstand where MPAs may protect the most diversity under
future climate scenarios. Although this research was concur-
rent and made available to the MPATT team, the resolution of
the data, the scale at which the projected changes were evalu-
ated, and the uncertainty associated with the results made it
difficult to confidently integrate it into the MPA network de-
sign process. In particular, the scale mismatch between the
results and the scale at which MPA boundaries were assessed
influenced the ability of the planning team to integrate the
results into MPA network design.

The results of Whitney et al. (2023) differ somewhat from
the Thompson et al. (2023) projection models used here.
These differences are likely due to the use of GCMs by
Whitney et al. (2023) compared to the regional climate mod-
els available for use by Thompson et al. (2023) that have
complex bathymetry with a high enough spatial resolution
to resolve important coastal processes (Peña et al. 2019;
Holdsworth et al. 2021). Additional differences may be due
to the fact that Thompson et al. (2023) explicitly account for
the confounding effects of depth on temperature and oxy-
gen. Models that do not account for these effects may overes-
timate species sensitivity to temperature and oxygen change
because they assume that species depth ranges are only due
to temperature and oxygen (Davies et al. 2023). This is partic-
ularly true in regions such as the NSB, where the composition
of biological communities varies greatly over the wide range
of depths represented, but only some of this variation can be
attributed to temperature and oxygen (Rubidge et al. 2016a;
Thompson et al. 2022).

Projecting species distributions under future climates is as-
sociated with varying degrees of uncertainty from multiple
sources, including uncertainty associated with the underly-
ing climate models, emission scenarios, and eco-evolutionary
processes (Davies et al. 2023). For evaluating the climate-
robustness of the MPA network, we attempted to reduce
uncertainty by using climate projections downscaled from
two different climate models. We recommend that multi-
ple regional climate projections for MPA climate resiliency
assessments be used when they are available, particularly
for complex coastal regions. For our fish SDMs, Thompson
et al. (2023) used catch data from throughout the species’
range from California to Alaska, maximizing information
from the range of environmental conditions these species
inhabit. Although species interactions and other variables
(e.g., substrate type, oceanographic currents) likely to influ-
ence species’ distributions were not included because they
were unavailable for the full dataset, Thompson et al. (2023)
showed that models trained on data from 2000–2010 were
able to forecast data from 2011–2020 with reasonable accu-
racy (AUC > 0.7 and Tjur R2 > 0.2; see Thompson et al. 2023).
The uncertainty associated with models projecting species
responses under future climate change leaves conservation
planners with a difficult dilemma. Do they build the MPA net-
works where species are projected to occur in the future or
lock in areas where species are known to occur at the time
of planning even though they may move? One way to more
confidently incorporate areas of future habitat is to look for
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“areas of no regret” where there is overlap between where
species occur now and are predicted to remain in the future
(Heltberg et al. 2009; Davies et al. 2023).

In the case of the NSB MPA network planning process, the
timing and availability of other datasets also affected their
inclusion in the MPA network design. For example, Friesen
et al. (2019) developed a novel method for estimating adult
connectivity using a multiplex benthic habitat connectivity
model for BC marine waters, and although the outputs of
this work were used by MPATT to evaluate competing net-
work scenarios, they were not explicitly incorporated into
the design nor used to adjust final network boundaries. Con-
nectivity had already been accounted for using spacing rules,
and the overlap of the network scenario with Friesen et al.
(2019) areas of high connectivity was sufficient, given there
were many other inputs influencing the final network bound-
aries. In addition, the availability of the outputs of Friesen et
al. (2019) came at a time in the planning process after much
of the site selection analyses had been completed, making it
difficult to integrate. The spacing recommendations for the
NSB were met as shown here, suggesting the NSB network is
somewhat connected; however, post-hoc assessments of the
final proposed network will be conducted as additional mul-
tispecies biophysical models for larval and adult connectivity
become available.

Climate refugia
Climate refugia had not been identified in the NSB at the

time of network development and therefore were not tar-
geted in the site selection analyses. However, climate refugia
were explicitly selected as area-based conservation priorities
by MPATT following recommendations for building climate-
smart MPAs (Tittensor et al. 2019; Wilson et al. 2020). Ban
et al. (2016) examined sea surface temperature, sea surface
height, and chlorophyll a and found little to no evidence of
areas unaffected by climate change in the region. This was
similar to our analyses of the regional impacts of climate
change on benthic temperature, dissolved O2, and aragonite
saturation, as corroborated by the results in the associated
more detailed report by Friesen et al. (2021), which also exam-
ines sea surface layers for all three variables. The downscaled
regional climate models used in these analyses (Peña et al.
2019; Holdsworth et al. 2021) were not available during the
initial network design process but were critical to estimating
future conditions for MPAs on the continental shelf and to
improving our understanding of physical changes and asso-
ciated biological responses at the regional scale. Having two
regional models provides a measure of the regional model
uncertainty as both of the models downscaled the same GCM
CanESM2. These analyses showed that the projected physi-
cal and biogeochemical environmental changes in the MPA
network varied by depth, with deeper, cooler MPAs changing
more slowly than shallow areas, providing some refuge for
species adapted to deep waters. Many Category 2 sites in the
MPA network cover mid-depths (100–300 m) that may become
increasingly important not just for shallow species moving
deeper but also for deeper species moving shallower to avoid
areas of hypoxia (Ross et al. 2020; Thompson et al. 2023),

further highlighting the importance of fulfilling the entire
MPA network implementation strategy by 2030, as currently
planned.

MPA blue carbon co-benefits
In the NSB MPA network, habitats that are likely to pro-

vide carbon storage and sequestration ecosystem services
were identified as conservation priorities and targeted in the
site selection analyses based on their importance as habitats
for numerous fish and invertebrates. Therefore, any carbon
storage or sequestration services they provide serve as a co-
benefit of the MPA network. Our results show that eelgrass
meadows and kelp forests are well-represented and repli-
cated across the network, building insurance against local-
ized climate stressors at the site level. In this region, coast-
wide datasets of kelp and eelgrass are known to be patchy.
Although we are reporting a high proportion of these habitat
types within the network footprint, the distribution of kelp
and eelgrass across the entire coast is likely underestimated.
The patchiness of the kelp dataset used, especially in the cen-
tral coast subregion, is likely influencing our accounting of
replicates, where we report only one replicate of both bull
and giant kelp in the central coast subregion. From localized
studies in the central coast subregion, we know more kelp
inhabits the area (Nijland et al. 2019), and efforts are under-
way to improve our understanding of kelp distribution coast-
wide. As new, more comprehensive datasets become avail-
able, along with targeted monitoring, these analyses can be
redone.

Marine heatwaves (discrete periods of anomalously warm
water; Hobday et al. (2016)) have become more frequent, ex-
tensive, and intense (Frölicher et al. 2018) and are impact-
ing seagrass, kelp, and other coastal ecosystems around the
world (Arias-Ortiz et al. 2018; Wernberg et al. 2018; Bass et al.
2023). In the East Pacific, the marine heatwave that persisted
from 2014–2016 impacted multiple species, including kelp
ecosystems (Cavanaugh et al. 2019; McPherson et al. 2021;
Rogers-Bennett et al. 2021; Bell et al. 2023; Free et al. 2023).
For example, bull kelp forests (Nereocystis) have decreased dra-
matically over the last decade at the southernmost edge of
their range in California (McPherson et al. 2021; Bell et al.
2023), but trends in our region show that floating kelp forests
in exposed areas are more persistent (Pfister et al. 2018), even
at very fine scales (Starko et al. 2022). The varying environ-
mental conditions that impact this foundational species high-
light the need for protection and monitoring, and that repli-
cation at broad scales (as achieved in the NSB network) and
also at fine scales is necessary for kelp persistence at the net-
work level.

Our regional climate models have a grid spacing of 2–3 km
which is not enough to resolve the nearshore. As a result, we
currently understand less about future climate impacts in the
shallow and fjord ecosystems compared to the shelf and slope
ecosystems on the BC coast. Given this uncertainty, represen-
tation and adequate replication of these important coastal
blue carbon ecosystems are even more critical as a strategy
for building climate resilience. In addition to eelgrass mead-
ows and kelp beds, the NSB MPA network has the potential to
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protect other blue-carbon ecosystems within its boundaries.
This includes estuaries and salt marshes (e.g., Douglas et al.
2022), carbon stores in marine sediment protected from dis-
turbance (e.g., Epstein and Roberts 2022), and cold water glass
sponge reefs (Dunham et al. 2018). For example, the Hecate
Strait/Queen Charlotte Sound Glass Sponge Reefs MPA, an ex-
isting site within the MPA network, protects up to ∼345 km2

of glass sponge reef and has the potential to be important for
carbon sequestration and storage. Depending on the amount
of live, healthy tissue present, glass sponge reefs have been es-
timated to sequester 1 g of carbon per m2 per day (Dunham et
al. 2018), and 7% to 11% of their tissues (depending on sponge
species) consist of carbon (Archer et al. 2020), with additional
carbon being sequestered into sediments. Although a full as-
sessment of potential blue carbon co-benefits was not con-
ducted here, just this cursory analysis highlights the value of
the network for protecting blue carbon ecosystems and the
need for effective management, monitoring, and communi-
cation of co-benefits once the network is established.

Adaptive management and monitoring
Our analysis suggests that suitable demersal fish habitat

will remain within the network footprint into the future
(2046–2065); however, effective protection for these species
depends on the management of the areas. In addition, while
many demersal fish may shift to deeper waters as conditions
warm, not all species are adapted to the conditions experi-
enced in deeper waters. Shallow species, which were mostly
excluded from our analysis, may be particularly vulnerable,
as shallow waters (<100 m) are projected to experience the
greatest environmental change due to climate change. There-
fore, protection from other stressors will be particularly im-
portant to buffer these nearshore species and ecosystems as
the climate changes. Studies have shown that other stres-
sors may be important for resilience against climate stress,
particularly coral reefs (Côté and Darling 2010; Bruno et al.
2019); however, global analyses have shown that to provide
the highest climate mitigation benefits, MPAs must be highly
or fully protected (Jacquemont et al. 2022). The NSB MPA net-
work is intended to have a range of protection levels across
sites; therefore, integrated monitoring of human pressures,
ecological responses, and climate variables across the net-
work will be key to understanding ecosystem recovery, cli-
mate resilience, and any potential climate mitigation bene-
fits.

As an overarching influencing factor, it is recommended
that climate change be integrated into MPA management and
monitoring (Bryndum-Buchholz et al. 2022); however, to date,
federal and provincial MPAs in Canada have not often ex-
plicitly addressed climate change in their management plans
(O’Regan et al. 2021). Information on potential climate im-
pacts, like downscaled regional climate models and associ-
ated models of projected biological responses, can be used
to inform monitoring plans and survey design. For example,
for conservation priorities in the NSB MPA network, strati-
fied monitoring across representative depths will help to val-
idate models and better understand how species may redis-
tribute among individual MPAs in the network to track pro-
jected temperature or oxygen changes. Finally, understand-

ing the climate-related sensitivity of the species and habitats
protected in the network should be linked to indicators for
monitoring and to management measures to ensure climate
change is integrated throughout the adaptive management
cycle for the MPA network.
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