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Abstract
Marine Protected Areas (MPAs) are conservation tools that promote biodiversity by regulating human impacts. However,

because MPAs are fixed in space and, by design, difficult to change, climate change may challenge their long-term effectiveness.
It is therefore imperative to consider anticipated ecological changes in their design. We predict the time of emergence (ToE:
year when temperatures will exceed a species’ tolerance) of 30 fish and invertebrate species in the Scotian Shelf-Bay of Fundy
draft network of conservation areas based on climate projections under two contrasting emission scenarios (RCP 2.6 and RCP
8.5). We demonstrate a strong Southwest-to-Northeast gradient of change under both scenarios. Cold water-associated species
had earlier ToEs, particularly in southwesterly areas. Under low emissions, 20.0% of habitat and 12.6% of species emerged from
the network as a whole by 2100. Under high emissions, 51% of habitat and 42% of species emerged. These impacts are expected
within the next 30–50 years in some southwestern areas. The magnitude and velocity of change will be tempered by reduced
emissions. Our identification of high- and low-risk areas for species of direct and indirect conservation interest can support
decisions regarding site and network design (and designation scheduling), promoting climate resilience.

Key words: Marine Protected Areas (MPA), climate change, RCP 2.6, RCP 8.5, time of emergence (ToE), conservation network,
North Atlantic species, habitat loss

1. Introduction
The impacts of climate change on marine ecosystems are

pervasive. Direct changes to the physical environment in-
clude changes in sea surface temperature (SST; Cheung et al.
2009), acidification, and oxygen depletion (Lotterhos et al.
2021). Indirect effects on ecological systems responding to
these physical changes (Weiskopf et al. 2020) include changes
in productivity (Sydeman et al. 2021), biodiversity (Manes
et al. 2021; Worm and Lotze 2021; Penn and Deutsch 2022),
and altered ecosystem function (Free et al. 2019), all of which
are foundational elements of the marine environment. Mit-
igating and adapting to climate change will be integral to
maintaining the health of our oceans and the continued
provision of ecosystem services. Simultaneously, protecting
marine ecosystems from other anthropogenic stressors, in-
cluding overfishing and pollution, can enhance their re-
silience, potentially reducing the negative impacts of climate
change (Hughes et al. 2005; Bryndum-Buchholz et al. 2022).

Following international commitments to the U.N. Sustain-
able Development Goals and the Convention on Biological
Diversity, Canada has committed to protecting 30% of its
coastal/marine areas by 2030. This will be achieved through
the implementation of Marine Protected Areas (MPAs) and

other effective area-based conservation measures (OECMs)
(DFO 2021a). Fisheries and Oceans Canada (DFO) is the pri-
mary government body leading the development of marine
conservation areas and is the agency that administers for-
mal Oceans Act “Marine Protected Areas” and Fisheries Act
“Marine Refuges” (a form of OECM), which collectively com-
prise the majority of the Canadian Marine Conservation Net-
work by area (∼80%; Bryndum-Buchholz et al. 2022). MPAs
in Canada are areas of the ocean that are legally protected
from anthropogenic activities to help ensure the conserva-
tion of marine ecosystems and species. They may be desig-
nated due to the presence of special natural features (e.g.,
unique and productive habitats or diversity hotspots), con-
centrations of species at risk (e.g., endangered or threatened
species under the Canadian Species at Risk Act), and/or en-
vironmental, cultural, or socioeconomic importance (DFO
2018). Their boundaries are determined by the priorities of
various ocean stakeholders (i.e., fisheries, aboriginal com-
munities/organizations, ocean industries, federal and provin-
cial government, conservation groups, coastal communities,
etc.). Marine Refuges have been established to help to protect
focal species or functional groups and their respective habi-
tats (including corals and sponges) through closures of cer-
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tain fisheries (Schram et al. 2019; DFO 2020) and in Canada
are targeted for benthic habitats. The overarching goal of the
Canadian Marine Conservation Network (a collection of MPAs
and OECMs across the nation’s marine bioregions) is to “pro-
vide long-term protection of marine biodiversity, ecosystem
function and special natural features” with specific objec-
tives developed according to the unique physical, ecological,
and biological attributes of each area (Government of Canada
2011). However, the dynamic impacts of climate change on
marine ecosystems threaten the long-term effectiveness of
these MPAs and OECMs, which are typically implemented
as long-term fixed measures (Tittensor et al. 2019). Climate-
driven shifts in species geographic distributions (Pinsky et al.
2013), timing of life history events (Fuentes-Yaco et al. 2007),
productivity (Bryndum-Buchholz et al. 2020), and ecosystem
structure (Boyce et al. 2015) may necessitate changes to site-
level management, boundaries, or the configuration of the
conservation network. For this reason, there has been a re-
cent movement to include climate change considerations in
marine conservation planning in Canada, with workshops
convened on the topic, recent publications outlining perti-
nent advice on how to ensure Canada’s conservation net-
work is climate resilient (e.g., Wilson et al. 2020; Bryndum-
Buchholz et al. 2022), and a new mandate to bring climate
resilient conservation planning into the Canadian MPA Pro-
gram (Minister of Fisheries, Oceans and the Canadian Coast
Guard Mandate Letter (pm.gc.ca)).

Prevailing advice advocates using climate change vulnera-
bility/risk assessments to promote climate resiliency within
the design and management of conservation networks. Foun-
dational to these assessments is understanding how species
distributions will shift in response to changing environmen-
tal conditions (e.g., Shackell et al. 2014; Stortini et al. 2015).
The distribution of a species is, for the most part, constrained
by the physical and environmental conditions (e.g., temper-
ature and depth) required for survival (e.g., Guisan and Zim-
mermann 2000; Sillero et al. 2021). When an organism is liv-
ing at its upper or lower temperature limit, oxygen demand
increases, often exceeding the organism’s ability to maintain
it, causing reduced performance in ventilation and circula-
tion (Pörtner 2001). In some cases, and over evolutionary time
scales, adaptation to novel environmental conditions is possi-
ble. However, evidence suggests that the rapid environmental
changes associated with climate change are already causing
geographic shifts in distribution that track shifting distribu-
tions of their thermal niches (Pinsky et al. 2013; Crozier and
Hutchings 2014; Pinsky et al. 2021). In general, the magnitude
of global surface warming will be a primary determinant of
species extirpations from their historic habitats (Penn and
Deutsch 2022).

How a species interacts with its thermal environment plays
a prominent role in determining its response to climate
change, including geographic range shifts. For this reason,
the thermal niche of the species is often used in vulnerability
and risk assessments to assess the timing, location, and mag-
nitude of climate impacts on that species (Pacifici et al. 2015;
Stortini et al. 2015; Stuart-Smith et al. 2015; Foden et al. 2019;
Greenan et al. 2019; Pinsky et al. 2019; Boyce et al. 2022). The
timing of a distributional response of a species is the prod-

uct of its thermal niche and the chronology of environmental
change (e.g., rate of warming). The “time of emergence” (ToE)
or more specifically “time of thermal emergence” has been
used to designate the expected timing of a biological response
(e.g., increased stress, distributional shifts, or declining fit-
ness) to temperature change, defined as the year in which SST
exceeds the upper thermal tolerance of a species in a partic-
ular area of interest (Henson et al. 2017; Trisos et al. 2020).
As species shift towards higher latitudes and into deeper,
cooler waters (Pinsky et al. 2021), species of conservation con-
cern may eventually emerge from their thermal niche within
MPAs that were initially designated for their protection. This
emigration of a species from MPAs could co-occur with the
immigration of new species from adjacent areas, potentially
leading to new community compositional states not previ-
ously observed (Lurgi et al. 2012).

The regional network of MPAs and OECMs proposed for
the Scotian Shelf, off Canada’s eastern coast (Fig. 1), was de-
signed without explicit consideration for the impacts of cli-
mate change (DFO 2018), and thus it remains unknown as to
how climate change may impact this network’s efficacy, over
the long term. The aim of this study was to estimate the ToE
of 30 fish and invertebrate species of interest within each of
the existing and proposed MPA/OECM site boundaries in the
draft conservation network design for the Scotian Shelf-Bay
of Fundy bioregion (Fig. 1; Table 1) under ensemble projec-
tions of future SST (two emission scenarios and three climate
models). The ToE will vary by species and location, depending
on the thermal niche of a species and the rate and magnitude
of SST change at each site across the geographic range of the
species (Table S1; Fig. S1). In general, species with more re-
stricted thermal niches are more likely to experience habitat
shifts and for those shifts to happen sooner.

The application of species-based estimated time(s) of emer-
gence in the planning of MPA networks is novel and can be
used to predict how the future effectiveness of MPAs and MPA
network design configurations could change as species distri-
butions and ecosystems shift in response to climate change.
This information may help MPA managers to prioritize sites
for immediate designation and to identify sites that may re-
quire more adaptive management strategies due to predicted
shifts in priority species distributions.

2. Methods

2.1. Species selection
A subset of species from major marine taxa (e.g., pisci-

vores, decapods, benthivores, plankton, etc.) was selected to
represent a cross-section of conservation interests (i.e., de-
pleted species, species at risk, important prey species, and
commercially important species) and potential responses to
climate change from species with varying life-history traits.
Species from these groupings were prioritized/selected based
on their vulnerability status (e.g., species identified as endan-
gered, threatened, or special concern under the Species at
Risk Act), commercial usage (e.g., fishing industry; Rozalska
and Coffen-Smout 2020), and/or ecological importance (e.g.,
primary food source for vulnerable or commercial species).
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Fig. 1. The Scotian Shelf-Bay of Fundy bioregion draft conservation network overlaid with a 0.25-degree resolution grid de-
noting the native resolution of CMIP6 climate projections. The outer boundary of the bioregion is outlined. Sites are grouped
by known biogeographical breaks between the Eastern (green) and Western Scotian Shelf (blue), and the Bay of Fundy (red).
Each site is labelled with its site name abbreviation (see Table 1 for full names) and a point denoting its geographic centroid.
Unlabelled sites were not associated with any focal species based on the niche adjustment process (see Sections 2.2 and 2.3 for
details). Inset shows the domain of extractions from OBIS for species records and depth.

Species selection was informed by regional reports that con-
ducted similar prioritization exercises (Stortini et al. 2015;
DFO 2018; Shackell et al. 2021; see Table S1 for complete list
and selection criteria).

2.2. Species thermal and depth niche
characterization

Temperature niches of species were assigned based on
their observed range of thermal distribution, whereby the
range was identified as the 10th and 90th percentiles of SSTs
in which the species has been observed, globally, extracted
from the online global database, Aquamaps (Aquamaps
2021). Several temperature ranges of the species were fur-
ther refined based on similar exercises conducted at the re-
gional scale (Shackell et al. 2013), including American lobster

(Homarus americanus), American plaice (Hippoglossoides plates-
soides), Atlantic cod (Gadus morhua), Atlantic halibut (Hippoglos-
sus hippoglossus), Haddock (Melanogrammus aeglefinus), North-
ern shrimp (Pandalus borealis), Redfish sp. (Sebastes fasciatus),
and Snow crab (Chionoecetes opilio). Temperature ranges from
Aquamaps and Shackell et al. (2013) were combined (Table
S1) to capture the broadest thermal limits based on annually
averaged SST.

The depth niches of the species were similarly defined
given the 10th and 90th percentiles of depths within their
global distribution (derived from Aquamaps 2021) and re-
fined given the 10th and 90th percentiles of depths within
their regional (Northwest Atlantic) distribution (derived from
observations obtained from the Ocean Biodiversity Informa-
tion System (OBIS); OBIS 2021) (Fig. 1; Table S1).
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Table 1. List of the draft network MPA/OECM names, abbreviation, number of species observed within each site, whether the
site was inshore (I, touching the coast of Nova Scotia) or offshore (O, not touching the coast of Nova Scotia) the latitude (Lat)
and longitude (Long) of the site’s center point (centroid), region the site is in (BoF, Bay of Fundy; ESS, Eastern Scotian Shelf;
WSS, Western Scotian Shelf), and the area of the site (km2).

Site Abbreviation Species (out of 29) Inshore/offshore Region Area

Northern Gulf of Maine NGOM 25 O BoF 975.9

Machias Seal Island Migratory Bird Sanctuary MSIMBS 21 O BoF 25.3

Head Harbour, West Isles and The Passages HHWITP 23 I BoF 103.7

Long Eddy LE 24 I BoF 34.5

South Grand Manan SGM 25 I BoF 413.9

Brier Island BI 25 I BoF 999.2

Musquash Estuary Marine Protected Area MEMPA 3 I BoF 7.4

Horse Mussel Reefs HMR 21 O BoF 625.9

Chignecto Bay CB 2 I BoF 408.2

Boot Island National Wildlife Area BINWA 1 I BoF 0.9

Southern Bight SB 5 I BoF 217.6

Canso Ledges——Sugar Harbour Islands CLSHI 20 I ESS 655.1

Point Michaud and Basque Islands PMBI 3 I ESS 54.3

Bird Islands BRDI 4 I ESS 11.2

Middle Bank-Canso Bank MBB 23 O ESS 3937.6

St. Anns Bank Marine Protected Area SABMPA 22 O ESS 4374.0

The Gully Marine Protected Area TGMPA 26 O ESS 2363.9

Misaine Bank and Laurentian Channel MBLC 20 O ESS 2452.6

Eastern Shoal ES 19 O ESS 731.7

Eastern Canyons EC 25 O ESS 36 365.7

Lophelia Coral Conservation Area LCCA 13 O ESS 14.7

Western Jordan Basin WJB 22 O WSS 558.5

Jordan Basin Conservation Area JBCA 21 O WSS 48.8

Georges Bank GB 24 O WSS 717.4

Chebogue CHEB 5 I WSS 111.3

Fundian Channel-Browns Bank FCB 27 O WSS 7252.8

Bon Portage Island BPI 2 I WSS 14.0

Northeast Channel Coral Conservation Area NCCCA 21 O WSS 390.9

Corsair/Georges Canyons Conservation Area CGCCA 15 O WSS 8825.1

Port Joli and Surrounding Areas PJSA 7 I WSS 145.3

Roseway Bank RB 23 O WSS 1496.1

Kejimkujik Seaside National Park and Historic Site KSNPHS 2 I WSS 1.3

LaHave Islands LI 9 I WSS 142.6

Pearl Island PI 8 I WSS 82.3

Sambro Ledges——Prospect SLP 21 I WSS 369.7

LaHave Basin LB 22 O WSS 1564.5

Scotian Gulf SG 25 O WSS 1952.5

Sambro Bank Sponge Conservation Area SBSCA 19 O WSS 62.5

Emerald Basin Sponge Conservation Area EBSCA 19 O WSS 197.1

Eastern Shore Islands ESI 21 I WSS 2135.4

Western Emerald Bank Conservation Area WEBCA 27 O WSS 10 231.8

North of Emerald Basin Sea Pen Field NOEBSPF 19 O WSS 260.5

Central Scotian Slope, Rise and Abyss CSSRA 15 O WSS 18 201.1

Sable Island Bank SIB 25 O WSS 1648.0

Note: Sites without species observations not included.

2.3. Niche-adjusted network
The study area of this project is the Scotian Shelf-Bay

of Fundy bioregion (a region bounded by natural features
rather than man-made divisions), for which a network of ex-
isting and potential MPAs and OECMs has been identified

(Fig. 1). Polygons for each MPA/OECM in the draft network
were developed through an objective-driven systematic con-
servation planning exercise using MARXAN (a conservation
planning software: Software | Marxan (marxansolutions.org))
and stakeholder consultation (DFO 2018). For each species, a
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niche-adjusted network was derived from this draft network
design based on expected residency and depth niche. The res-
idency of each species was determined by querying OBIS for
any observations within a 25 km buffer inclusive of the site
since 2000. Where residency was expected, site geometry was
further constrained to only the area within the depth range
of a species, based on an overlay of the General Bathymet-
ric Chart of the Oceans (GEBCO 2021). For each species, these
niche-adjusted/constrained networks formed the basis for the
remaining analyses.

The geographic polygons representing each niche-adjusted
site were overlaid on 0.25-degree gridded temperature projec-
tion data (CMIP6 monthly averages), obtained from the World
Climate Research Program (WCRP 2021) (see Fig. 1 for illustra-
tion of the overlay). The percentage of grid cells within each
species niche-adjusted network sites was compared between
the present day and projected future years. The year of ther-
mal emergence was assessed for each grid cell within each
site of each species niche-adjusted network.

2.4. Climate projections and time of thermal
emergence (ToE)

Average annual temperature projections for the period
2015–2100 were obtained at a 0.25-degree resolution from
the World Climate Research Program’s CMIP6 model outputs
(WCRP 2021) for three global climate models: Alfred Wegener
Institute (AWI) (Semmler et al. 2020), Hadley Centre Atmo-
spheric (HAD) (Pope et al. 2000), and Institut Pierre-Simon
Laplace (IPSL) (Jiang et al. 2021), under two socioeconomic
and emissions-based future climate scenarios (IPCC 2000):
SSP1 RCP2.6 (“best-case scenario” where carbon emissions
start declining now) and SSP5 RCP8.5 (“worst-case scenario”
where carbon emissions continue increasing), hereafter re-
ferred to as low (RCP 2.6) and high (RCP 8.5) emission sce-
narios, respectively. ToE was estimated as the year in which
the projected annual mean temperature exceeded the upper
thermal tolerance limit of a species (as defined in Section 2.2),
and this exceedance continued for at least two consecutive
years thereafter (method adapted from Boyce et al. 2022). We
interpreted this as the year in which the habitat has tran-
sitioned to an environmental state where it is likely that the
species is either lost or under increased thermal stress. While
we refer to this emergence as “loss” throughout, we acknowl-
edge that a species may not necessarily be lost entirely from
a site; rather, the ToE indicates that the thermal suitability of
that habitat has crossed a threshold into that of high stress
and high uncertainty.

The ToE was estimated for each grid cell within each
species niche-adjusted network for a time series of average
annual temperature (2015–2100), that was averaged across
the three climate models (i.e., an ensemble approach) for
each of the two climate scenarios. The SST projections were
ensemble averaged rather than averaging the model-specific
ToE outputs to account for the uncertainty associated with
ToEs > 2100 (SST projections were not available beyond 2100).
Within each niche-adjusted network site, the year in which a
species reached its ToE in 100% of the grid cells was recorded
as the site-level ToE for that species. For each site, the propor-

tion of species lost was calculated for two benchmark years
representing near future (2050) and distant future (2100) pe-
riods. For each species, the proportion of grid cells, approxi-
mating areal coverage, lost across the entire network was also
calculated for both benchmark years.

All geographic and statistical analyses were computed in
R version 4.1.2 (R Core Team 2021) primarily using the
sf, R.Matlab, ggplot2, and dplyr packages (Wickham 2016;
Bengtsson 2018; Pebesma 2018; and Wickham et al. 2022, re-
spectively).

3. Results

3.1. Climate projections
Under both climate scenarios, all three models predicted

warming trends throughout the study period (2015–2100).
However, the rate and trajectory of change varied consid-
erably between scenarios. Throughout the Scotian Shelf-Bay
of Fundy bioregion, under low emissions (RCP 2.6) time se-
ries of average annual temperature showed a small grad-
ual increase in temperature until the year 2070, after which
the rate of warming began to level off (Fig. 2). The high
emissions scenario (RCP 8.5) showed a different future, with
monotonic increases in average annual temperature through-
out the time series and no apparent decrease in the rate of
warming (Fig. 2). These trends were nearly identical across
the bioregion, but the present day (i.e., the y-intercept) and
forecasted future (2100; i.e., the asymptote in low emission
(RCP 2.6) projections) temperatures were highest in the Bay
of Fundy, and lowest in the Eastern Scotian Shelf (ESS) (Fig. 2).

3.2. Thermal stress across the conservation
network

Given model-averaged time series of projected SST, several
trends appeared when comparing emerging species between
climate scenarios and draft network sites. First, there was
a southwest-to-northeast gradient of species emergence (i.e.,
the proportion of species associated with each site experienc-
ing temperatures outside their thermal niche by the end of
the analysis period, 2100), particularly under the low emis-
sions scenario (RCP 2.6). The mean % of emerged species was
15.2% for the low emissions scenario and 44.0% for the high
emissions scenario (RCP 8.5) for Western Scotian Shelf (WSS)
sites, 10.7% for the low emissions scenario and 43.6% for the
high emissions scenario for ESS sites, and 11.8% for the low
emissions scenario and 38.6% for the high emissions scenario
for Bay of Fundy sites (Fig. 3). In general, ToEs were earlier
along the edge of the Shelf, in the Bay of Fundy (BoF) region,
and in the southwestern sites of the bioregion compared with
the ESS (Fig. 3).

By 2100, 11/23 (47.8%) of WSS and 6/11 (54.6%) of BoF sites
were projected to have more than 50% of resident species
emerge under the high emissions scenario (Fig. 4). Compar-
atively, only 2 of 11 of the ESS sites were projected to have
more than 50% of species emerge by 2100 under the high
emissions scenario (Fig. 4), corresponding to the southwest-
to-northeast gradient in the warming (Fig. 2). Under the
low emissions scenario, this variation between regions was
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Fig. 2. Time series comparison of average annual temperature of each climate model (AWI, HAD, and IPSL) between emission
scenarios RCP 2.6 and RCP 8.5 to the year 2100 in the Bay of Fundy, Western Scotian Shelf, and Eastern Scotian Shelf (from left
to right) sections of the bioregion. Thick black trend lines depict the average of the three model projections. Grey time series
depict the reciprocal RCP scenario for comparison.

maintained, however, no sites within the network had >50%
of species emerge by 2100 (Fig. 4). The most vulnerable
sites in the near term, losing 25% or more of species by
2050, were in the offshore and deep waters of the WSS
(e.g., Georges Bank, Corsair Canyons, Western Jordan Basin)
and nearshore areas in the ESS (Big Glace Bay, Bird Islands)
and Bay of Fundy (Long Eddy) under both future climate
scenarios (Fig. 4). The least vulnerable sites of the bioregion,
having 0% of species emerge by 2100, even under the high
emissions scenario, were all small coastal sites located in
the coastal zone of the WSS (Kejimkujik Seaside National
Park and Bon Portage Islands——KSNPHS and BPI) and in the
Bay of Fundy (Boot Island National Wildlife Area, Chignecto
Bay, and Musquash Marine Protected Area——BINWA, C.B., and
MEMPA), all of which having few species (<3; Table 1) that
were not projected to reach their thermal limits by 2100 (e.g.,
American lobster (Homarus americanus) and Porbeagle shark
(Lamna nasus)) (Fig. 4).

Collectively these results highlight the potential return
from strong emissions mitigation (reductions of species-
specific habitat losses by 10%–90% for RCP 2.6 relative to 8.5),
agreeing with a growing body of literature predicting how
biodiversity and ultimately ecosystem function will be im-
pacted by climate change (e.g., Hensen et al. 2017; Bianchi

et al. 2021). However, these changes also emphasize that even
with strong mitigation, marine ecosystems, including those
within conservation areas, are expected to be exposed to en-
vironmental conditions that will likely manifest biological
change (e.g., distributional shifts, species turnover, declining
fitness). In our study region, ∼30% of species examined are
expected to experience thermal emergence of >50% of their
habitat by 2100, even with strong emission reductions.

3.3. Thermal stress of species
Our results indicated higher and more rapidly increas-

ing thermal stress (a greater proportion of total habitat lost
across the network) for species under the high emissions sce-
nario compared with the low emissions scenario (Fig. 5). Un-
der the low emissions scenario, the average habitat loss per
species plateaued just under 20% by 2075 (Fig. 5), suggesting
that, on average, the majority of the network would still of-
fer suitable habitat for many species up to 60–80 years from
now. Under the high emissions scenario, the average habitat
loss showed a steady increase from the present day to 2100
(Fig. 5). The substantial difference between the low emissions
scenario and high emissions scenario % habitat loss projec-
tions can be seen when comparing the years after 2050 (fol-
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Fig. 3. Comparison between emission scenarios RCP 2.6 and RCP 8.5 of the percentage of emerged species (illustrated by a
colour spectrum of navy to yellow, where navy represents 0% species loss and yellow represents 100% species loss) for future
years 2050 and 2100 of each MPA/OECM polygon on the Scotian Shelf Bay of Fundy bioregion.

lowing trends in temperature, Fig. 2); both future climate
scenarios had a similar percentage of average habitat loss
(15% under the low emissions scenario and 23% under the
high emissions scenario) by 2050, but by 2100, the high emis-
sions scenario projected average habitat loss across all species
and sites was 32% higher (55% loss) than the low emissions
scenario projected habitat loss (23% loss) (Fig. 5), correspond-
ing to the continued warming observed under the high emis-
sions scenario (Fig. 2).

On average, species with narrower thermal niches are more
thermally stressed than those with a wider range in tempera-
ture tolerance. In particular, benthic fish (which have temper-
ature tolerance ranges ∼12 ◦C narrower than marine mam-
mals on average) were projected to lose ∼39% more habi-
tat to thermal stress across the entire network under both
scenarios by 2100 compared with all other species (Fig. 6).
The most vulnerable species in terms of near-term % habitat

loss by area were seven benthic fish species: Atlantic wolffish
(Anarhichas lupus, 81% habitat loss projected by 2050), Cusk
(Brosme brosme, 59% habitat loss projected by 2050), American
plaice (Hippoglossoides platessoides, 61% habitat loss projected
by 2050), Atlantic halibut (Hippoglossus hippoglossus, 67% habi-
tat loss projected by 2050), Smooth skate (Malacoraja senta,
62% habitat loss projected by 2050), Thorny skate (Amblyraja
radiata, 70% habitat loss projected by 2050), and Acadian red-
fish (Sebastes fasciatus, 65% habitat loss projected by 2050);
and one benthic invertebrate species: Snow crab (Chionoecetes
opilio, 100% habitat loss projected by 2050) under the high
emissions scenario (Fig. 6).

Species projected to experience the least thermal stress
across the network over the next 80 years (all having
a predicted habitat loss of 0% by 2100), even under the
high emissions scenario, include one benthic fish species:
Monkfish (Lophius americanus); four broadly distributed
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Fig. 4. Comparison between emission scenarios RCP 2.6 and RCP 8.5 of the percentage of emerged species for future years
2025 (purple), 2050 (blue), 2075 (green), and 2100 (yellow) of each MPA/OECM site (abbreviated titles on y-axis, see Table 1 for
full names) organized by their corresponding region (Bay of Fundy, Eastern Scotian Shelf, and Western Scotian Shelf) in the
Scotian Shelf Bay of Fundy bioregion.

large benthopelagic fish species: White shark (Carcharodon
carcharias), Spiny dogfish (Squalus acanthias), Porbeagle shark
(Lamna nasus), Basking shark (Cetorhinus maximus); a squid
species: Common shortfin squid (Illex illecebrosus); one ben-
thic invertebrate: American lobster (Homarus americanus);
three broadly distributed, migratory cetaceans: North At-
lantic Right whale (Eubalanena glacialis), Northern Bottlenose
whale (Hyperoodon ampullatus), Blue whale (Balaenoptera mus-
culus); and one broadly distributed, migratory reptile: Log-
gerhead turtle (Caretta caretta). Important food sources for
cetaceans (i.e., the temperate copepod, Calanus finmarchicus)
and groundfish (i.e., Northern shrimp, Pandalus borealis) had
little habitat loss projected under the low emissions sce-
nario, but, under the high emissions scenario, these species
were projected to lose more than 70% of their current habi-
tat within the conservation network sites by 2100, due to
thermal stress (Fig. 5). In the majority of sites (63.2%), Snow
crab (Chionoecetes opilio) was the first species projected to ex-
perience temperatures outside of its thermal niche, partic-
ularly in ESS and WSS regions. Where Snow crab was not
the first species projected to become extirpated from a site,
Atlantic wolffish (18.4%), Atlantic cod (Gadus morhua, 2.6%),
Atlantic halibut (Hippoglossus hippoglossus, 5.3%), Pollock (Pol-

lachius virens, 2.6%), and Thorny skate (Amblyraja radiata, 7.8%)
were the first. Under the high emissions scenario, 0% of ESS
sites, 75% of BoF sites, and 31.8% of WSS sites lost (or became
thermally stressful for) at least one species by 2015.

4. Discussion
This study examined the ToE of 30 marine species within

the MPA/OECM sites included in the Scotian Shelf-Bay of
Fundy bioregion draft conservation network design. Under
low emissions (RCP 2.6), the majority (>50%) of species are
retained within the boundaries of the draft conservation net-
work until at least the year 2100 (Fig. 4). Conversely, under
high emissions (RCP 8.5), 19 of 40 sites within this draft con-
servation network are predicted to lose more than 50% of the
species considered in this study (Fig. 4). This result is con-
sistent with the IPCC’s 2021 report and with several other
studies indicating muted distribution shifts under low com-
pared with high emissions (Höhne et al. 2021; IPCC 2021;
Lima et al. 2022; Pielke et al. 2022), suggesting that, if tar-
gets for emissions reductions are met, the Scotian Shelf-Bay
of Fundy bioregional conservation network, as it is currently
designed, will be more effective in achieving its conservation
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Fig. 5. Under RCP 2.6 (left) and RCP 8.5 (right) future climate scenarios, the thick, coloured lines represent the average pro-
portion of habitat lost (from within the conservation network draft design) per year across all species (each individually repre-
sented by the grey dotted lines). The average time series is colour-coded by time period: purple, 2015–2025; blue, 2026–2050;
green, 2051–2075; and yellow, 2076–2100. Benchmark years (2025, 2050, 2075, and 2100) are indicated by the horizontal and
vertical reference lines in the corresponding colour.

goals and targets over the long term. However, recent studies
have shown that global emissions are currently more com-
parable to that of the high emissions scenario (Höhne et al.
2021). Under the high emissions scenario, species lost 32%
more thermal habitat from the network by 2100 than under
the low emissions scenario (Fig. 5), indicating that the ability
of the draft conservation network to achieve its conservation
goals/targets over the mid- to long term may be impacted and
should be continually evaluated.

Under both emission scenarios, results indicated a clear
southwest-to-northeast gradient in species times of emer-
gence, with many species emerging from their thermal niche
earlier in the southwest compared with the northeast (Fig. 3).
This gradient was most pronounced under high emissions
near the end of the time series (Fig. 3). Besides the Lophe-
lia Coral Conservation Area (LCCA), which is a very small
(14.7 km2) Marine Refuge at the northeastern edge of the Sco-
tian Shelf with only 13 of our species of interest present, the
most vulnerable sites (predicted to have temperatures out-
side the tolerance limits of more than 25% of the species as-
sessed here by 2025 under both emission scenarios) were all
located in the southwestern part of the bioregion. These sites

included Central Scotian Slope, Rise and Abyss (CSSRA), Horse
Mussel Reef (HMR), and Long eddy (LE) (Fig. 4). CSSRA is po-
sitioned where warm waters derived from the Gulf Stream
flow into the Gulf of Maine (Brickman et al. 2018, 2021), and
both HMR and LE are located in the Bay of Fundy, which is
presently the warmest part of the bioregion and predicted to
warm the most rapidly due to its connection with the Gulf
of Maine (Brickman et al. 2018, 2021). This result is consis-
tent with many studies documenting the steep temperature
gradient, and consequent gradient in genetic structure and
species assemblages, that characterize the Scotian Shelf-Bay
of Fundy bioregion (Stanley et al. 2018; Stortini et al. 2021;
O’Brien et al. 2022). This is also consistent with studies that
have indicated the southern range limit of many of the Sco-
tian Shelf’s resident species occurs around the southwestern
reaches of the bioregion, such that northward distribution
shifts lead to extirpation from this end of the region first
(Shackell et al. 2014; Brennan et al. 2016).

The anticipation of rapid (as early as 2025) emergence
of resident species from southwestern conservation areas
should not be justification for the deprioritization of sites
that were designed to capture representative examples of
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Fig. 6. Comparison between emission scenarios RCP 2.6 and RCP 8.5 of the percentage of habitat lost (based on each species
niche informed network within the Scotian Shelf draft network of MPA/OECMs) for each species (grouped taxonomically) for
future years 2025 (purple), 2050 (blue), 2075 (green), and 2100 (yellow).

habitat features (DFO 2018). Rather, these sites will provide
safe havens for new emerging ecological communities, such
that the biodiversity of the area may be protected from
other anthropogenic influences as inevitable climate-driven
ecological shifts occur (e.g., Matthews and Wynes 2022).
In these cases, particular care should be taken to monitor
climate-related changes and re-evaluate conservation prior-
ities where the greatest changes are predicted to occur. On
the other hand, areas designed to protect particular species
or species groups may require re-evaluation if the species of
interest are predicted to become severely thermally stressed
in the near term (e.g., ToE ≤ 2050). Results identifying rapidly
emerging/shifting species will also have implications for fish-
eries; such species will require enhanced monitoring, the in-
clusion of climate change considerations in stock assessment
processes, and adaptation of the industry to new species or
occupations.

Our results indicate that Snow crab (Chionoecetes opilio), a
highly valuable commercially harvested invertebrate species
(DFO 2021b), is most rapidly emerging from the Scotian Shelf-
Bay of Fundy bioregion. Snow crab was often the first species
to become extirpated from network sites, with site-level ToEs
as early as 2015 in some sites, indicating that, although this
species has previously been observed, it is unlikely that it
currently occupies any southwestern sites in any significant
abundance. It was also projected to lose 100% of its preferred
habitat from the entire draft conservation network in this
region by 2050 under the high emissions future climate sce-

nario (and 100% by 2075 under the low emissions scenario;
Fig. 5). This species has the smallest thermal range of the se-
lected invertebrates and is already occupying the southern-
most extreme of its spatial distribution in the northwest
Atlantic (DFO 2021b). Snow crab supports the third most prof-
itable fishery in Nova Scotia (NS Department of Fisheries and
Aquaculture 2014). Recent studies indicate decreases in the
amount of Snow crab landings in the western portion of the
study region and marked rapid responses to warming events
(Zisserson et al. 2018). As an important scavenger and preda-
tor species (Boudreau and Worm 2012), the extirpation of
Snow crab will likely have implications for the structure of
benthic invertebrate communities throughout the bioregion
as well. Reduced predator presence has been documented
to lead to either compensation by other predators (Shackell
and Frank 2007) or prey release resulting in reduced body
size diversity, increased beta diversity (Ellingsen et al. 2015;
Stortini et al. 2018), and increases in both spatial and tem-
poral community turnover (Alonso et al. 2015; Stortini et al.
2021). Reduction in Snow crab abundance within the benthic
invertebrate communities of the ESS (the Snow crab’s current
last stronghold in the bioregion) over the next 30–50 years
(Fig. 5) will likely result in some of these community-level re-
sponses, which could have implications for the conservation
sites in this part of the bioregion. Monitoring and the poten-
tial for adaptive management will be imperative to ensure
these sites continue to meet their ecological conservation
objectives.
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The only species not predicted to experience habitat loss
in the region were either large migratory species with global
distribution ranges or species with a known preference for
warmer water (Fig. 6). These species are in the minority, but
these results imply that they may gain suitable habitat along
a latitudinal gradient (southwest to northeast) as warming
trajectory continues. The focus of our study was to identify
areas and timelines for change relative to the baseline on
which the network was developed. We limited our exami-
nation to area lost instead of the potential for gain within
the conservation network due to the assumptions that would
have to be made about species dispersal processes and species
interactions that underpin expansion, but there have already
been cases where warming has manifested spatially variant
responses by species (gains and losses). For example, Amer-
ican lobster (Homarus americanus) has boomed as a result of
warming in the Gulf of Maine with continued increases in
suitable habitat anticipated (Tanaka et al. 2019), and this
species is predicted to benefit from increases in the extent
of suitable habitat throughout the WSS (Greenan et al. 2019).
Spiny dogfish (Squalus acanthias) are typically found only on
the WSS and known to expand northeastward only when
temperatures warm (e.g., Shepherd et al. 2002; Shackell and
Frank 2007), suggesting this species may become more preva-
lent on the ESS as waters warm. However, increased preva-
lence of diseases (Castro et al. 2006; Glenn and Pugh 2006;
Wahle et al. 2009), increased frequency of extreme heat waves
(Oliver et al. 2018), and shifts in prey species distributions
(Carloni et al. 2018) have been noted as potential indirect
impacts of climate change that may negatively impact even
those species not predicted to lose thermal habitat (Greenan
et al. 2019).

Our results indicate that key species at the base of the food
chain (Calanus finmarchicus and Pandalus borealis) may lose sub-
stantial amounts (>50%) of habitat throughout the draft net-
work design over the next 80 years under the high emissions
scenario. This result is consistent with other studies that have
predicted substantial loss of Calanus finmarchicus from the
Gulf of Maine and Scotian Shelf regions over the next 50–80
years (Reygondeau and Beaugrand 2011; Grieve et al. 2017)
and a continued trajectory of reduced productivity resulting
from losses and shifting size composition at low trophic lev-
els (Boyce and Worm 2015; Boyce et al. 2015; Britten et al.
2016; Bernier et al. 2018; Bryndum-Buchholz et al. 2020). De-
creased prey availability may lead to further loss of priority
species, even those with wider temperature tolerance ranges
(e.g., North Atlantic Right whale; Pendleton et al. 2012; Meyer-
Gutbrod et al. 2015). These changes will likely lead to shifts
in the composition of marine communities throughout the
region, particularly as species losses will inevitably coincide
with, be followed by, or be preceded by a northeastward
progression of invasions (or northward expansion) of new,
warm water-tolerant species (Cheung et al. 2009; Brennan
et al. 2016) or warm-adapted populations (Stanley et al. 2018).
In fact, recent studies have suggested that the expansion of
warm-water species distributions towards the poles may out-
pace the shift of cold-water species, leading to shifts in ecosys-
tem structure (Pound et al. 2020) and changes to ecosystem
functions (e.g., Bianchi et al. 2021). In other words, the Sco-

tian Shelf-Bay of Fundy ecosystem may undergo “deborealiza-
tion” and “tropicalization” simultaneously over time, start-
ing within the next 50 years (Vergés et al. 2014; McLean et al.
2021; Osland et al. 2021). Evidence suggests that some key
warm water species have already begun invading the Sco-
tian Shelf-Bay of Fundy bioregion, such as Cory’s Shearwaters
(Gjerdrum et al. 2018). Novel communities that emerge could
prompt the re-evaluation of conservation priorities and the
spatial arrangement of sites. The network must therefore be
monitored regularly to ensure ecological conservation objec-
tives are being met (Edgar et al. 2014).

4.1. Implications for conservation network
design and management

To ensure the long-term effectiveness of the Maritimes Re-
gion conservation network in terms of its ability to safeguard
biodiversity, southwestern and Bay-of-Fundy sites predicted
in this study to experience rapid change in species com-
position (e.g., CSSRA, HMR, and LE; Fig. 1; Table 1) should
be evaluated to determine whether their contributions to
species-specific conservation objectives are key to the net-
work design (i.e., are they key areas for species-based targets).
If species-based targets in the design are covered by these
sites currently, then network design modifications might be
required. Alternatively, the prospective conservation priori-
ties for these sites should be refocused to features that are
not anticipated to degrade over time (e.g., the prioritization
of representative habitat types in the initial design of the
Maritimes Region conservation network; DFO 2018). Prior-
itization of monitoring effort in these sites should also be
applied to ensure conservation priorities are re-evaluated pe-
riodically, so that, for example, incoming vulnerable species
may be appropriately protected from human activities.

It should also be noted that invading nonlocal species
can also have a direct negative impact on fragile ecosys-
tems found within the bioregional conservation network
sites through competitive, predatory, or parasitic species dy-
namics (Beal and Kraus 2002; Carver et al. 2003), or habitat
destruction (e.g., green crab; Howard et al. 2019; Bricknell
et al. 2020; Lyons et al. 2020; Wilson and Garbary 2020;
Richards and Hunter 2021). Sites containing a high propor-
tion of species with early emergence may be particularly
vulnerable to the establishment of invasive species (Chaffin
et al. 2016). This is because, where species are predicted to
emerge from their thermal niche, small populations may still
be present, but at higher risk to other stressors including in-
vasive species, habitat destruction, and fishing due to physio-
logical stress (Sylvester 1972; Pörtner 2001; Dulvy et al. 2003;
Pörtner and Farrell 2008; Whiteley and Mackenzie 2016).
Long-term protection of biodiversity and native species will
require regular monitoring of these high-change/early emer-
gence sites for the presence of harmful invasive species, and,
when detected, prompt action.

Further, as remnant, less resilient individuals are left be-
hind in “emerged” sites, other individuals will be shifting
in distribution (e.g., Stanley et al. 2018; Cote et al. 2021),
avoiding thermally stressful environments and encountering
new, potentially suboptimal environments (due to the pres-
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ence of other stressors and new ecosystem structures) along
the way. It is for this reason that implementing a portfo-
lio of conservation efforts (i.e., ecosystem-based approaches
for fisheries management (EBFM); Link et al. 2011), in addi-
tion to static conservation network sites (MPAs), is impera-
tive to ensure healthy populations and ecosystems are main-
tained through periods of transition. Even with strong emis-
sion mitigation projected changes in temperature will drive
ecosystem responses at various spatial and temporal scales.
It is therefore imperative that conservation planning pre-
emptively considers how the desired conservation objectives
can be best achieved through conservation measures, plan-
ning for this change as opposed to trying to design around it.

4.2. Caveats
It is important to note that, while we evaluated climate

impacts on species via temperature changes, additional fac-
tors may also influence the fitness and distribution of the
species assessed here. Ocean acidification can also have a sub-
stantial negative impact on a species, especially crustaceans
and other invertebrates that require calcium carbonate to
make their shells or tests (Whiteley 2011; Kroeker et al. 2013;
Jones et al. 2017). Climate-driven changes in ocean circula-
tion have been implicated as a factor influencing larval dis-
persal capacity in fish (Raventos et al. 2021) and invertebrates
(Quinn 2017), which in turn can influence recruitment pat-
terns and gene flow. Recent evidence also suggests that in-
tensifying low-oxygen events may have a more severe impact
on marine species fitness and distributions than warming
(Sampaio et al. 2021). These additional factors could lead to
earlier ToEs of some of the resident species evaluated here,
particularly those with shells or tests (e.g., American lobster;
Keppel et al. 2012; Niemisto et al. 2021) and those with a pref-
erence for deep, hypoxifying basins (e.g., Atlantic wolffish;
Bianucci et al. 2016). For this reason, further study of addi-
tional and interconnected components of the impacts of cli-
mate change could be modelled to expand upon the results
found here. However, temperature change is primarily the
first environmental factor contributing to species distribu-
tion shifts (Pinsky et al. 2013). Therefore, our results should
be considered as warnings of potential initial responses to cli-
mate change within the bioregional conservation network in
the coming decades.

5. Conclusions
MPAs and conservation networks are tremendously impor-

tant tools with which to safeguard marine biodiversity and
ecosystems, and the numerous functions and services they
provide. MPAs, particularly those with strong protections put
in place (“highly protected areas”), have a strong potential to
complement tools put in place for climate mitigation, help-
ing to safeguard biodiversity and associated ecosystem func-
tion (Jacquemont et al. 2022). However, the influence of cli-
mate change will be pervasive, irrespective of whether an
area is spatially managed for biodiversity conservation. We
demonstrate how climate change will have a variable influ-
ence on the effectiveness of a draft network of conservation
sites in protecting 40 species of direct and indirect conser-

vation importance, depending on location and our societal
approach to emissions reduction. Our results indicate that,
within the southwestern portion of the Scotian Shelf-Bay of
Fundy region, conservation planners should consider imple-
menting climate change adaptations within network design,
management, and monitoring programs, particularly under
a scenario of very limited emissions reduction. These adap-
tations can include setting conservation goals and objectives
that can be adapted as necessary, prioritizing enduring fea-
tures such as habitat features over rapidly shifting species (to
support biodiversity, regardless of community composition),
supplementing area-based conservation with other manage-
ment efforts outside of MPA boundaries (i.e., EBFM; Link
et al. 2011), performing climate vulnerability or risk assess-
ments (to evaluate how the sites could be further impacted
by climate change in the future), including sites that cap-
ture projected future habitat for the high-risk species iden-
tified here, implementing strong protective measures within
new and existing sites (sensu Jacquemont et al. 2022), and/or
prioritized monitoring for anticipated changes (to identify
new threats such as invasive species, or any needs for re-
evaluation of conservation priorities and associated activity
restrictions).

As Canada continues towards the conservation objective
of 30% by 2030 (30by30 initiative——Global Ocean Alliance
2022) under the U.N. Convention on Biological Diversity (15th
Conference of the Parties, 2021), the time is now to build
climate change directly to the design and monitoring of
MPAs networks (O’Regan et al. 2021; Bryndum-Buchholz et al.
2022). Sites projected to experience a rapid change in species
composition could benefit from such a flexible approach to
boundary design, or the design of the network itself may need
to change to reflect that efficacy based on the contemporary
distribution of conservation priority species will not trans-
late into the efficacy in the long term (Tittensor et al. 2019).
Implementing predictions of how climate change may influ-
ence priority species within the Scotian Shelf-Bay of Fundy
bioregion can help to improve the design and ultimately help
“future-proof” the network design as best as possible; how-
ever, as our results corroborate, the success of conservation
efforts may ultimately be predicated on the ability to imple-
ment strong climate action through reduced emissions (Penn
and Deutsch 2022).
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