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Abstract

Aim: Climate change is predicted to alter the distribution and abundance of marine
species, including canopy-forming seaweeds which provide important ecosystem
functions and services. We asked whether continued warming will affect the distri-
bution of six common canopy-forming species: mid-intertidal fucoids (Ascophyllum
nodosum, Fucus vesiculosus), low-intertidal Irish moss (Chondrus crispus), subtidal lami-
narian kelps (Saccharina latissima, Laminaria digitata) and the invasive Codium fragile.
Location: Northwest Atlantic.

Methods: We used occurrence records and the correlative presence-only species
distribution model MAxenT to determine present-day distribution. This distribution
was compared to each species’ warm-water physiological thresholds indicating areas
of stable or reduced growth and mortality. Present-day models were then projected
to mid-century (2040-2050) and end-century (2090-2100) using two contrasting
carbon emission scenarios (RCP2.6 and 8.5) and two global climate models from
CMIP5 based on changes in ocean temperatures.

Results: Projected range shifts were minimal under low emissions (RCP2.6), but sub-
stantial species-specific range shifts were projected under high emissions (RCP8.5),
with all species except C. fragile predicted to experience a northward shift in their
southern (warm) edge of <406 km by the year 2100. Northward expansions out-
weighed southern extirpations for fucoids and C. crispus leading to overall range ex-
pansions, while range contractions were projected for kelps and C. fragile. Model
projections generally agreed with physiological thresholds but were more conserva-
tive suggesting that range shifts for kelps may be underpredicted.

Main conclusions: Our results highlight the benefits to be gained from strong climate
change mitigation (RCP2.6), which would limit changes in rocky shore community
distribution and composition. The business-as-usual RCP8.5 scenario projected
major range shifts, seaweed community reorganization and transitions in dominant
species south of Newfoundland by 2100 (~47°N). As canopy-forming seaweeds pro-
vide essential habitat, carbon storage, nutrient cycling and commercial value, under-
standing their response to continued climate warming is critical to inform coastal

management and conservation planning.
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1 | INTRODUCTION

Climate change has caused unprecedented changes in global eco-
systems, resulting in species distribution shifts that alter abundance,
richness and diversity patterns at different scales and across mul-
tiple taxa (e.g., Barry, Baxter, Sagarin, & Gilman, 1995; Chen, Hill,
Ohlemuller, Roy, & Thomas, 2011; Hickling, Roy, Hill, Fox, & Thomas,
2006; Hiddink & ter Hofstede, 2008). As temperatures continue to
increase (IPCC, 2013), major biodiversity shifts are expected (Pereira
etal., 2010; Tittensor et al., 2010) as species shift to higher latitudes,
altitudes or greater depth seeking cooler temperatures (Chen et al.,
2011; Harley et al., 2012). Marine range shifts are more predictable
(Sunday, Bates, & Dulvy, 2012) and occur at faster rates than terres-
trial ones (Parmesan & Yohe, 2003; Sorte, Williams, & Carlton, 2010).
Marine range shifts will affect habitat-forming species in coastal
habitats, with compounding impacts on the species who depend on
their ecosystem structure, functions and services (Wernberg et al.,
2016; Witman & Lamb, 2018). Significant losses of habitat-forming
species have already occurred in coral reefs (Carpenter et al., 2008),
mangrove forests (Polidoro et al., 2010), seagrass meadows (Short et
al., 2011) and seaweed beds (Krumhansl| et al., 2016) due to multiple
factors, and climate change poses an additional threat to many of
these foundation species.

One way to examine how species may respond to climate change
is with species distribution models (SDM). SDM are designed around
the niche concept, where a species persists and maintains a stable
population size under a given set of abiotic and biotic conditions
(Hutchinson, 1957), and link known records of species presence to
environmental variables (Elith et al., 2011). SDM are powerful tools
to understand how species may respond to climate change, partic-
ularly if model projections can be compared to physiological data
which allow for more robust projections (Elith, Kearney, & Phillips,
2010; Talluto et al., 2016). Range shift predictions based on labora-
tory-experiments with temperature manipulation (Pifieiro-Corbeira,
Barreiro, Cremades, & Arenas, 2018) have matched observed range
shifts of seaweeds in the Northeast Atlantic (NE-Atlantic) due to in-
creasing sea surface temperature (SST; Pifeiro-Corbeira, Barreiro,
& Cremades, 2016). To date, despite the widespread use of SDM
for habitat-forming species (e.g., Marcelino & Verbruggen, 2015;
Record, Charney, Zakaria, & Ellison, 2013; Valle et al., 2014), only
two studies have incorporated the use of physiological data (Franco
et al., 2018; Martinez, Arenas, Trilla, Viejo, & Carrefio, 2014). The
incorporation of physiological data is particularly important for inva-
sive species which are in violation of the assumption that a species is
at equilibrium with the environment (Elith et al., 2011).

Canopy-forming seaweeds are important components of

coastal habitats. As ecosystem engineers (Jones, Lawton, &

Shachak, 1994), they provide shelter and food to marine organ-
isms through their complex three-dimensional structure (Schmidt,
Coll, Romanuk, & Lotze, 2011). As predominant primary produc-
ers in rocky shore ecosystems (Field, Behrenfeld, Randerson, &
Falkowski, 1998), they also form large quantities of biomass that
store significant amounts of carbon and nutrients (Schmidt et al.,
2011). These ecosystem functions and services are impacted by
commercial exploitation (Seeley & Schlesinger, 2012), the spread
of invasive species (Krumhansl & Scheibling, 2012; Schmidt &
Scheibling, 2006, 2007), increases in turf algae (Filbee-Dexter &
Wernberg, 2018), nutrient loading (Kay, Schmidt, Wilson, & Lotze,
2016; Worm & Lotze, 2006) and increasingly climate change
(Filbee-Dexter, Feehan, & Scheibling, 2016; Wilson, Kay, Schmidt,
& Lotze, 2015).

Sea surface temperature is the major factor influencing sea-
weed survival and growth on large spatial scales (Lining, 1990),
with SST isotherms closely matching seaweed distribution limits
(van den Hoek, 1975). In the Northwest Atlantic (NW-Atlantic),
significant surface warming has occurred since 1980 (Barnett,
Pierce, & Schnur, 2001; Baumann & Doherty, 2013) resulting in
northward shifts of SST isotherms (Hansen et al., 2006). This
warming has important implications for canopy-forming seaweeds
who dominate the rocky shores in the NW-Atlantic as local de-
creases in fucoid (Ugarte, Craigie, & Critchley, 2010) and kelp
abundance have occurred (Dijkstra et al., 2017; Filbee-Dexter et
al., 2016; Krumhansl et al., 2016). Anecdotal evidence has also
suggested a small southern (warm edge) range shift for fucoids
(Keser, Swenarton, & Foertch, 2005), but no large-scale shifts
for kelp have been observed likely due to a lack of baseline data
(Merzouk & Johnson, 2011). Elsewhere, range shifts of seaweeds
have been observed in Portugal (Lima, Ribeiro, Queiroz, Hawkins,
& Santos, 2007), Spain (Duarte et al., 2013), Britain (Gallon et al.,
2014; Yesson, Bush, Davies, Maggs, & Brodie, 2015), Australia
(Wernberg et al., 2011, 2016) and Japan (Tanaka, Taino, Haraguchi,
Prendergast, & Hiraoka, 2012), and these shifts have been at-
tributed to climate change. As the projected warming trends con-
tinue over the 21st century (IPCC, 2013), large-scale distribution
shifts of seaweed communities in the NW-Atlantic are expected
(Assis, Aradjo, & Serrdo, 2018a; Assis, Serrdo, Claro, Perrin, &
Pearson, 2014; Jueterbock et al., 2013; Miller, Laepple, Bartsch,
& Wiencke, 2009).

This paper assessed how projected scenarios of future climate
change will impact the distribution of common native and invasive
canopy-forming seaweeds in the NW-Atlantic spanning intertidal
and subtidal habitats. Our objectives were to: (a) create a database
of occurrence records to determine present-day range limits; (b)

use these occurrence records to build SDM to predict current and
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project future distributions under different climate-change scenar-
ios; and (c) compare the SDM to physiological thresholds to assess
the accuracy of projections and identify areas of stable growth ver-
sus reduced growth and/or mortality. We hypothesized species-spe-
cific northward range shifts, which would alter the composition of
canopy-forming seaweeds along the NW-Atlantic coast. Any range
shifts would have important consequences for ecosystem struc-
ture, functions and services, with implications for management and
conservation.

2 | METHODS

2.1 | Seaweed flora of the NW-Atlantic

We focused on six representative species with different zonation
patterns across NW-Atlantic rocky shores: mid-intertidal fucoids
(Ascophyllum nodosum, Fucus vesiculosus), low-intertidal Irish moss
(Chondrus crispus), subtidal laminarian kelps (Laminaria digitata,
Saccharina latissima) and the invasive Codium fragile. Originating from
Japan (Provan, Booth, Todd, Beatty, & Maggs, 2008), C. fragile was
first introduced to the NW-Atlantic in Long Island Sound in 1957
(Carlton & Scanlon, 1985) and competes with native kelp species
(Scheibling & Gagnon, 2006).

In the NW-Atlantic, A. nodosum, C. crispus and kelps exist
south to Long Island Sound and F. vesiculosus and C. fragile south
to North Carolina (Adey & Hayek, 2011; Carlton & Scanlon, 1985;
Lining, 1990; Taylor, 1957). Each species exhibits a continual
distribution from their southern (warm edge) limit to south-
ern Labrador for C. crispus and C. fragile (Adey & Hayek, 2011;
Matheson, Mckenzie, Sargent, Hurley, & Wells, 2014) and north
to the Hudson Strait for the other four species. Kelps and F. ve-
siculosus occur in Hudson Bay (Mathieson, Moore, & Short, 2010;
McDevit & Saunders, 2010), fucoids and S. latissima in Western
Greenland (Hggslund, Sejr, Wiktor, Blicher, & Wegeberg, 2014,
Marba et al., 2017), and F. vesiculosus and S. latissima into the
high Arctic (Filbee-Dexter, Wernberg, Fredriksen, Norderhaug, &
Pedersen, 2019).

We collected presence-only occurrence records from the litera-
ture and regional experts (Supporting Information Tables 51.1-51.6
in Appendix S1) to determine each species present-day distribution.
Generally, records were collected from 1980 onwards, as this was
the first year significant increases in SST were detected in the NW-
Atlantic (Barnett et al., 2001). However, few occurrence records
exist for the Arctic due to their inaccessibility. Therefore, additional
records prior to 1980 were used north of Newfoundland (47°N),
where seaweeds that were present prior to 1980 could still occur
after 1980 as any Arctic warming would promote northward range
shifts. As the environmental layers do not perfectly match the coast-
line, occurrence records that did not overlay the environmental data
were moved to the closest pixel. All records were projected into the
Behrmann cylindrical equal-area projection (see following section)
using ArcGIS® 10.5 (ESRI, 2011), and duplicate records within a pixel
were removed.

2.2 | Environmental data

The global marine environmental dataset Bio-Oracle 2.0 was used
to represent present-day conditions which provide long-term aver-
ages (LTA) from 2000 to 2014, in Behrmann cylindrical equal-area
projection, at a 7 km pixel resolution (Assis, Tyberghein et al., 2018b;
Tyberghein et al., 2012). All pixels >100 km from shore were ex-
cluded from analysis and environmental data were cropped from
32-84°N and 42-95°W within the statistical environment R (R Core
Team, 2014) using the “sdmpredictors” package (Bosch, Tyberghein,
& De Clerck, 2018). To incorporate the range of environmental con-
ditions seaweeds encounter during the year, we incorporated LTA
of the maximum (e.g., warmest) month (M-max) and the minimum
(e.g., coolest) month (M-min) for SST, sea surface salinity (SSS), sea
ice coverage (SIC), current velocity (CV) and sea surface nitrate
(NO;") for the three intertidal species (fucoids, C. crispus) as well as
yearly LTA minimum and maximum (Y-max, Y-min) diffuse attenua-
tion (DA) for the subtidal species (kelps, C. fragile), all of which are
known to impact seaweed growth and survival (Harley et al., 2012).
All environmental data layers were retained based on a Pearson's
correlation coefficient <0.90 and variable inflation factor <10 (Naimi
& Aratjo, 2016).

To project onto future climate, we choose two global climate
models from CMIP5 (Taylor, Stouffer, & Meehl, 2012), one project-
ing lower (GFDL-ESM2M; GFDL hereafter; Dunne et al., 2012) and
one higher (IPSL-CM5A-LR; IPSL hereafter; Dufresne et al., 2013)
levels of SST warming (Bopp et al., 2013). In addition, we used two
representative concentration pathways (RCP): a low carbon emission
and strong mitigation scenario (RCP2.6) and a high emission busi-
ness-as-usual scenario (RCP8.5; Moss et al., 2010). This combination
of two climate models and two RCPs provides a range of best- to
worst-case scenarios of warming over the next century (Bopp et al.,
2013). LTAs of SST M-max and M-min were derived for present-day
(2006-2015), mid-century (2040-2050) and end-century (2090-
2100) for each climate model and RCP scenario. Present-day was
chosen to begin in 2006 as this was the year CMIP5 climate mod-
els switch from historical runs to future projections forced by each
RCP scenario. To account for the differences between present-day
observed (from Bio-Oracle) and projected (from GFDL and IPSL) en-
vironmental data, we calculated relative changes in SST M-max and
M-min for future periods (mid-century minus present-day; end-cen-
tury minus present-day) for each climate model and RCP scenario.
This relative change (anomaly) in SST was then added to the present-
day observed SST. All projections are based on ocean temperature
and the climate model data were re-gridded to the 7 km grid used for

present-day environmental layers.

2.3 | SDM building, evaluation and projection

The correlative SDM was built using Maxent 3.3.3k (Phillips,
Anderson, & Schapire, 2006; Phillips, Dudik, & Schapire, 2004)
within R using the “dismo” package (Hijmans, Phillips, Leathwick, &
Elith, 2017). MaxenT consistently performs well compared to other
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correlative presence-only modelling algorithms (Elith et al., 2006).
Each species present-day distribution was built using k-fold cross-
validation with k = 5 (Kohavi, 1995), allowing for linear, quadratic and
hinge feature classes (Elith et al., 2011; Phillips et al., 2006), and set
to 5,000 iterations. Continuous model output was turned into binary
presence/absence data based on maximizing the sum of test sensi-
tivity and specificity threshold (Liu, Newell, & White, 2016). Model
performance was evaluated using a one-tailed binomial test, and
with the area under the curve (AUC) of the receiver operator charac-
teristics curve (Phillips et al., 2006). A jackknife test as implemented
by MaxenT was performed to determine the importance of each en-
vironmental variable, and the variable with the smallest decrease in
average test gain when removed from the full model was dropped.
This was repeated until only one variable remained to determine the
most important variable for predicting each species’ distribution. To
balance variables that performed well in training and testing, aver-
age regularized training gain was used to determine the best model
for each species. This balanced model complexity and performance,
where the best model was determined to have the fewest number
of predictor variables that did not result in a significantly different
training gain from the full model, based on 95% confidence inter-
vals (Yost, Petersen, Gregg, & Miller, 2008). Therefore, test gain was
used to decide which variables to remove, while training gain was
used to decide when to stop removing variables.

Once the best SDM was determined per species, each species’
SDM was rerun using the full set of occurrence records to ensure
the models were trained under the full set of environmental condi-
tions they may experience (k = 1). This was repeated for present-day
observed conditions, and relative projected mid-century and end-
century conditions for both climate models and RCP scenarios. The
future projections used present-day environmental conditions for all
variables but switching the SST terms for the climate data calculated
above. We projected with SST terms for all six species as SST M-max
was retained as an important climatic driver within the best model
per species, contributing at least 5% to the models, and warming
ocean temperatures are a major driver of climate change. Two spe-
cies were also projected with SST M-min as this was also retained in
their best models (see below). Models were clamped to avoid train-

ing with data outside the species range (Elith et al., 2010).

2.4 | Physiological thresholds

A previous laboratory experiment (Wilson et al., 2015) provided
information on the growth and survival of all study species except
S. latissima between 12 and 29°C from populations found in the mid-
dle of each species respective range in Atlantic Canada. Saccharina
latissima was assumed to experience similar growth as L. digitata
based on experimental studies completed on S. latissima popula-
tions from Halifax (Bolton & Lining, 1982; Simonson, Scheibling, &
Metaxas, 2015), Maine, and Long Island Sound (Redmond, 2013).
These data were used to create three physiological thresholds (PTs)
for heat-related growth and survival to define the water tempera-
tures at which each species experienced reduced growth, reduced

growth and partial mortality, and complete mortality. Reduced
growth was defined as the first temperature at which there was a
statistically significant growth rate reduction, partial mortality was
at least one replicate dying, and complete mortality was all replicates
dying at a specific temperature. See Supporting Information Table
S2.1 and Figure S2.1 in Appendix S2 for the data supporting our PT.
Cold-related survival was not tested but all species exhibit measur-
able photosynthesis in water temperatures of at least 0°C (Liining,
1990). Present-day and projected future SST M-max data were clas-
sified into these three categories, creating a layer for each species’
PT (Martinez et al., 2014).

We compared our PTs to the results of the SDM which allowed
us to confirm the accuracy of projected range shifts based on SST
changes (Franco et al., 2018; Martinez et al., 2014). To do so, the
predicted present-day and projected future SDM were overlaid onto
the corresponding species’ PT. Areas corresponding to PTs for stable
and reduced growth were likely to contain suitable habitat, while
areas corresponding to PTs for reduced growth and partial mortality,
or complete mortality were less likely to contain suitable habitat and
may indicate areas with greater susceptibility to multiple stressors
in a warming climate. In the following written section, we classify all
areas that do not indicate stable growth as “poor growth” for sim-
plicity. The reader is directed to Table 2 and the associated figure
per species for the exact PT category and associated temperature.
Seaweed thermal performance curves are useful tools to predict the
response to projected warming scenarios (Harley et al., 2012), and
our PTs were used to reflect growth optima and important inflection
points. We displayed SSTs in 1°C increments to account for the pos-
sibility that an inflection point occurred within the 3°C temperature
range for each PT, and for the possible acclimation to different SST

across a species range.

3 | RESULTS

3.1 | Variable importance

We considered 12 environmental variables to be included in the
variable selection process for the subtidal species, and 10 for the
intertidal species (Supporting Information Tables S2.2 and S2.3
in Appendix S2). Each variable was removed in a backward selec-
tion process based on the jackknife test implemented by MAxenT
(Table 1). Variables with the smallest decrease in test gain were re-
moved until there was a significant decrease in training gain based
on 95% confidence intervals (Supporting Information Figures 52.2
and $2.3). The suggested variable to remove based on test gain was
typically the same as the variables based on training gain and AUC.
Furthermore, 95% confidence intervals based on training AUC also
typically suggested the best model as those suggested by training
gain, corroborating the robustness of the resulting best models.
Mean SST of the warmest month on average (M-max) was the only
variable retained in the best model for all six species, yearly maximum
diffuse attenuation (DA Y-max) for all subtidal species and mean sea ice
coverage of the month with highest coverage on average (SIC M-max)
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FIGURE 1 Distribution of Ascophyllum nodosum: (a) present-day occurrence records (black dots) and SDM, and projected (b, c) end-
century distribution based on SST changes under RCP8.5 from GFDL-ESM2M (left column) and IPSL-CM5A-LR (right column; Behrmann
world equal-area projection). Physiological thresholds were overlaid to show areas of stable growth (green, 12-22°C) and reduced growth
(yellow-orange, 23-25°C); no areas of reduced growth and partial mortality (pink-red, 26-28°C) or complete mortality (dark red, 229°C)

were observed. Pixels that appear to be on land are in narrow fjords

for five species (Table 1). Only A. nodosum and C. crispus retained mean
SST of the coolest month on average (M-min). Based on permutation
importance, SST M-min was the most important climatic variable for
A. nodosum and C. crispus, SIC M-max for F. vesiculosus, L. digitata and
S. latissima, and SST M-max for C. fragile. All models had a significant bi-

nomial p-value and an AUC >0.90, indicating high model performance.

3.2 | Present-day distributions

Presently, A. nodosum (Figure 1a), C. crispus (Figure 2a), L. digitata

(Figure 3a) and S. latissima (Figure 4a) were correctly predicted to

occur south to ~40°N (Table 2; Adey & Hayek, 2011; Carlton &
Scanlon, 1985; Lining, 1990; Taylor, 1957). Fucus vesiculosus oc-
curred further south to ~36°N, but the southern range limit likely
extends further southward based on occurrence records (Figure 5a).
Codium fragile is not known to extend southward to the predicted
southern (warm edge) range limit of ~32°N (Figure 6a). The occur-
rence records used to train the SDM aligned well with the PTs, with
no records occurring at SST M-max values indicating complete mor-
tality (Figure 7). Furthermore, the allocation of the predicted area to
SST M-max for poor growth was <3% for fucoids and C. crispus, <7%
for the kelps, and ~12% for C. fragile (Table 2).



588 WILSON ET AL.
WILEY— R o Bl Bt
90:W 80:W 70:W 60:W SO:W

80°N = -

70°N = =

60°N = -

50°N = -

40°N = -

. C. crispus
(a) Present-Day - <25°C
1 ) 1 1
90°W 80°W 70°W 60°W 50°W 90°W 80°W 70°W 60°W 50°W
1 1 1 1 1 1 1 1 1 1
80°N = - -
70°N = - L
60°N = 7 - L
" b L T
o -
50°N = - - =
40°N = - -
GFDL-ESM2M IPSL-CM5A-LR
End-Century End-Century
(b) RCP8.5 (c) RCP8.5
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The northern distribution limit of A. nodosum extends along
the Labrador coast to ~67°N (Figure 1a). Chondrus crispus
(Figure 2a) and C. fragile (Figure 6a) occur north to ~51°N in south-
ern Labrador, and the predicted habitat areas aligned well with
known occurrence records. Laminaria digitata's northern range
was slightly underpredicted in western Hudson Bay, but based on
occurrence records, its northern limit is ~62°N (Figure 3a). The
northern range limits of F. vesiculosus (Figure 5a) and S. latissima
(Figure 4a) were difficult to quantify as their northern distribu-
tions were underpredicted, but occurrence records suggest they
occur to ~71°N and ~77°N, respectively. The combined pres-
ent-day distributions of all species show maximum richness of

canopy-forming seaweeds from Long Island Sound to southern
Labrador (Figure 8a).

3.3 | Seaweed flora under a strong mitigation
scenario (RCP2.6)

Sea surface temperature M-max (mean SST of the warmest month on
average) was retained in the best models by all six species, was in the
top four variables based on test gain and contributed >5% to permu-
tation importance and percent contribution (Table 1). SST M-min was
retained by two species and was the most important environmental

variable for A. nodosum and C. crispus. Therefore, future projections
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for all species were based on present-day conditions for the other
environmental variables while changing the SST M-max values for all
species and the SST M-min terms for A. nodosum and C. crispus.

By end-century, following strong carbon mitigation under the
RCP2.6 scenario, changes of the southern (warm) distribution edge
were limited to a maximum of 40 km (0.4°) shift north for all species
based on the average response of the mild (GFDL) and strong (IPSL)
warming models by 2100 (Table 2). A larger poleward range shift was
projected by 2050, yet some equatorial range expansion from 2050
to 2100, cumulated into a small poleward range shift that persisted

to 2100. These range shifts corresponded to a decrease of areas

with poor growth based on the PTs for F. vesiculosus and C. fragile,
no change for C. crispus, but increases for A. nodosum and kelps.
Northern range expansions were projected for A.nodosum
(Supporting Information Figure S2.4) leading to an average increase
of 30% (118,605 km?) of total habitat area by 2100 (Table 2). Note
that all area measurements indicate a maximum value as not all area
within a pixel may contain suitable habitat. Smaller northern expan-
sions were projected for F. vesiculosus (Supporting Information Figure
S2.5), C. crispus (Supporting Information Figure S2.6), and C. fragile
(Supporting Information Figure S2.7) leading to an average increase
of total habitat area by 1%, 16% and 6% by 2100, respectively
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(Table 2). Laminaria digitata (Supporting Information Figure 52.8) was
projected to lose 4% of its average total habitat area while S. latissima
(Supporting Information Figure S2.9) showed little change (Table 2).
Furthermore, no changes in seaweed species richness were pro-

jected under RCP2.6 (Supporting Information Figure $2.10).

3.4 | Seaweed flora under a business-as-usual
scenario (RCP8.5)

By end-century, northward shifts of the southern (warm) range lim-

its were projected for all species except for C. fragile (Table 2). Unlike

RCP2.6, these range shifts begin by 2050 and continue through to
2100 (Figures 1-6; Supporting Information Figures $2.4-52.9). Note
that the projected range shift values indicate the magnitude of the
shift towards the poles, the length of range shift along the coastline
would be greater.

By 2100, the southern distribution
(Figure 1b,c), L. digitata (Figure 3b,c) and S. latissima (Figure 4b,c)

limits for A.nodosum

were projected to shift to the Gulf of Maine or Bay of Fundy, de-
pending on the climate model, with additional decreases in habitat
suitability along the Atlantic coast of Nova Scotia and Gulf of St.

Lawrence. The Gulf of Maine and Bay of Fundy were projected to
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TABLE 2 (Continued)

Projections

RCP8.5

RCP2.6

Present-Day

PG (%) RS (T°; B km) Area (km?) PG (%)

Area (km?)

RS (T°; B km)

Model

PG (%)

Area (km?)

S Limit (°N)

Species

25.90*P<

265,041
-69,531
160,671

5.312bc 0.72

328,594
-5,978

0.00

GFDL

40.43 334,572 5.23%b¢

L. digitata

Diversity and Distributions

=3
g
r’v\
<
=)
N

70

0.08%b¢

27.97%b¢

2.78

316,540 11.70*P<

-18,032
322,567

0.00

IPSL

22.742b<

-173,901
212,856

266

6.477P¢

26.94°"¢

1.75

8.51%0¢

0.00

AVG

21.712b¢

-121,716
277,291

3.28%5¢ 168

-12,005
309,925
-833

24.86"¢

1.79
175

6.48%0<

GFDL 0.00

39.43 310,758 6.50*P¢

S. latissima

18.36%0¢

-33,467
211,435
-99,323

-0.022b<
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23.80*P¢

2.08
203

12.112b¢

312,816
2,058

0.35

IPSL

17.30%P<

5.61%0¢

35
0.18

24.330¢

244,363

1.94
189

9.30%"

311,371
613

AVG
“Reduced growth. bpartial mortality. “Complete mortality. Bold values indicate Average values. ltalics indicate Change from present-day values.

17.832P<

-66,395

2.807P<
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have smaller increases in SST than surrounding areas, which limited
the overall magnitude of northward shifts of the southern (warm)
range limits. For A. nodosum, an average 182 km northward shift of
its southern edge resulted in minimal habitat area corresponding to
reduced growth, but an average 84% increase in total habitat area
following northward range expansions (Table 2). For kelps, southern
edge shifts 168-189 km northward corresponded to increases in
areas with growth reductions and complete mortality. Furthermore,
limited northward range expansions resulted in a projected total hab-
itat loss of 36% of L. digitata and 21% of S. latissima habitat by 2,100.

Fucus vesiculosus was projected to experience a southern (warm)
edge shift to Long Island Sound (406 km; Figure 5b,c) and C. crispus
to the Gulf of Maine (126 km; Figure 2b,c) by 2100. Yet neither spe-
cies were projected to experience a decrease in habitat suitability in
Nova Scotia or the Gulf of St. Lawrence or increases in habitat cor-
responding to growth reductions. Both F. vesiculosus and C. crispus
were projected to have northward range expansions leading to an
overall increase of habitat by 10% and 74%, respectively (Table 2).
In comparison, C. fragile was projected to experience no southern
range shift and minimal northward range expansion that corre-
sponded to an overall habitat loss of 2% (Figure 6b,c).

These species-specific range shifts cumulated to a shift in sea-
weed richness under RCP8.5 (Figure 8b,c). Both IPSL and GFDL
projected a hot spot of richness loss (250% of species) from Long
Island Sound into the southern Gulf of Maine by 2100, and IPSL also
projected a second hot spot in eastern Nova Scotia into the Gulf of
St. Lawrence. Both climate models projected the Labrador coast to

gain seaweed species richness, with increases throughout the Arctic.

4 | DISCUSSION

Climate change will shift the distribution of many marine species,
including foundation species or ecosystem engineers who play key
roles in providing habitat structure and other ecosystem functions
to associated communities as well as services for human well-being
(Pecl et al., 2017). Using SDM and PTs, we projected species-spe-
cific range shifts of canopy-forming seaweeds which will alter rocky
shore communities along NW-Atlantic coasts. This included a shift
in dominance from native to invasive species and a transition to op-
portunistic life histories. The projected response was dependent on
the magnitude of carbon emissions and associated warming, with
larger range shifts under the business-as-usual (RCP8.5) compared
to the strong mitigation scenario (RCP2.6), highlighting the benefits
of climate mitigation. We discuss the projected restructuring of the
habitat-forming seaweed community and the consequences this will
have for the functions and services they provide.

4.1 | Currentdrivers of seaweed distribution

Our SDMs found summer SST (M-max) to be a more important driver
of seaweed distribution on average than winter SST (M-min) confirm-
ing some studies (Assis, Araujo et al., 2018a; Martinez et al., 2018),
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while others found the reverse (Franco et al., 2018; Jueterbock et al.,
2013). Regardless of season, the dominance of SST as an important
predictor was expected as seaweed distributions are primarily de-
fined by SST, and closely follow SST isotherms (Liining, 1990; van den
Hoek, 1975). Increasing summer SST is the primary driver of shifts of
the southern (warm) range limit, as SST surpasses growth and mor-
tality thresholds. Whereas, increasing winter SST facilitates faster
growth rates (Bolton & Liining, 1982; Marba et al., 2017) and greater
recruitment (Filbee-Dexter et al., 2016). Diffuse attenuation and sea
ice coverage were also important predictors for seaweed distribu-
tion. Diffuse attenuation is an indicator of light availability, which

sets seaweeds maximum depth limit. Sea ice coverage influences

both the upper vertical distribution limit through ice scour, which
often results in bare intertidal zones in the Arctic, and the lower ver-
tical limit by reducing light availability (Krause-Jensen et al., 2012;
Kipper et al., 2016). Unlike SST, diffuse attenuation and sea ice cov-
erage are not commonly used as predictor variables; only one study
has incorporated diffuse attenuation for fucoids (Jueterbock et al.,
2013) and sea ice coverage for kelps (Assis, Araujo et al., 2018a).

As mean SST of the warmest month on average (M-max) is an
important driver of seaweed distribution and incorporated into each
species’ SDM, we compared SDM output to warm-temperature PTs
to assess the accuracy of our projections. The PTs were based on a
standardized laboratory experiment (Wilson et al., 2015) and agreed
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distribution based on SST changes under RCP8.5 from GFDL-ESM2M (left column) and IPSL-CM5A-LR (right column; Behrmann world equal-
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with model output for fucoids, C. crispus, and C. fragile but suggested
some areas of projected future habitat for kelps corresponding to
growth reductions and mortality. Therefore, we may be underesti-
mating the southern edge shift for kelps. Unfortunately, our warm-
water PTs cannot provide any information on the species northern
range limit; thus, future research could focus on establishing cold-
water and light requirement PTs to further refine northern range
limits. Other studies have also observed strong agreement between
PTs and correlative SDM output (Franco et al., 2018; Martinez et
al., 2014). However, neither the SDM nor the PT incorporated the
species’ potential to acclimate or adapt to increasing SST. Seaweeds

are very responsive to acclimatization which can result in greater

tolerance to temperature stress (Harley et al., 2012). Less is known
about their ability to adapt to long-term increases in SST, but the
occurrence of regional ecotypes suggests it is possible across evo-
lutionary time scales. Yet climate change may occur at rates too fast
to allow for adaptive evolution via genetic changes and other adap-
tation mechanisms may be required (Duarte et al., 2018). For reef-
building corals, SDM projected minimal habitat loss by end-century
if corals adapted to 1°C warmer SST (Cacciapaglia & van Woesik,
2015), and seaweeds may respond in a similar adaptive manner.
Our projections are based on changes in ocean temperature,
which will impact the distribution of intertidal and subtidal species.

Yet, air temperature also impacts the distribution of intertidal species
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and under current, observed climate conditions, surface air tem-

perature in the NW-Atlantic is directly correlated with SST in coastal
habitats (Loder, Wang, van derBaaren, & Pettipas, 2013). Therefore,

air temperature was not included in our SDM for the intertidal spe-

cies, but this interaction between surface air temperature and SST

may change in a warming climate. Increasing air temperature may
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result in vertical distribution shifts to minimize thermal or desicca-
tion stress during low tide (Harley et al., 2012).

4.2 | Range shifts with climate change

Under the business-as-usual RCP8.5 scenario, we projected species-
specific rates of southern (trailing) edge shifts from O km per dec-
ade for C. fragile to 13-19 km per decade for A. nodosum, C. crispus,
and kelps, and 41 km per decade for F. vesiculosus, with an average
of 18 km per decade. Global meta-analyses of marine species have
observed an average trailing edge shift from 15.4 km per decade
(Poloczanska et al., 2013) to 19 km per year (Sorte et al., 2010).

Other studies have examined the response of seaweeds to con-
tinued SST increases in the NW-Atlantic using different climate
models and scenarios. Using older carbon emission scenarios (B1,
A1B, A2), Jueterbock et al. (2013) projected an average 3.6° south-
ern range shift for three fucoid species by 2100, and our study pro-
jected an average 3.0° southern range shift between A. nodosum and
F. vesiculosus under RCP8.5. Yet, when comparing species-specific
responses, our study projected a larger range shift of A. nodosum to
the Gulf of Maine instead of Delaware Bay (Jueterbock et al., 2013),
but a smaller shift of F. vesiculosus to Long Island Sound instead of
Nova Scotia for A2 (Jueterbock et al., 2013) and RCP8.5 (Assis et
al., 2014). Similar to our study, projections for C. crispus based on

changes in SST isotherms for the B1 scenario also projected a shift
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to the Gulf of Maine by 2100 (Miiller et al., 2009). B1 projections for
S. latissima (Mdiller et al., 2009) and RCP8.5 projections for S. latis-
sima and L. digitata (Assis, Aratjo et al., 2018a) suggested southern
range shifts for kelp to Newfoundland, whereas our study projected
their existence further south in the northern Gulf of Maine with pos-
sible extirpations in parts of Nova Scotia and Gulf of St. Lawrence.
No previous study has projected the response of C. fragile. Thus,
most studies agree on a general northward shift of seaweed distribu-
tions, while there is some uncertainty about the magnitude of spe-
cies-specific shifts. This uncertainty may be driven by the inherent
differences and biases between different global climate models and
emission scenarios (Bopp et al., 2013). It may also be driven by the
intraspecific differences in the responses of NW- and NE-Atlantic
populations, which are genetically distinct (Assis et al., 2014; Neiva
et al,, 2018; Olsen et al., 2010), yet our study trained and projected
SDMs within the NW-Atlantic and not the entire North Atlantic as
other studies. Lastly, this uncertainty may be due to our calcula-
tion of relative changes in SST prior to modelling future projections
which had been done for only one of the above-mentioned studies
(Mdller et al., 2009).

Our SDM projected general expansions of suitable habitat in
northern areas for most species; but we do not provide calculations
of northern (leading) edge shifts as seaweed occurrence records are
very limited in the Arctic. Systematic surveys are either >30 years
old (Lee, 1980; Wilce, 1959) or lacking entirely (Filbee-Dexter et al.,
2019), although recent surveys have documented seaweed composi-
tions along Baffin Island (Ktipper et al., 2016) and Greenland (Hggslund
et al., 2014). By incorporating as many northern occurrence records as
possible, including older and most up-to-date records, we predicted a
much greater northern present-day and projected future distribution
for fucoids than previous studies (Assis et al., 2014; Jueterbock et al.,
2013). As more detailed Arctic occurrence records become available,
our SDM and resulting projections could be further improved to pro-
vide higher certainty for species’ northern edges.

The projected range expansions in the NW-Atlantic are possible
as land masses connect temperate and Arctic seas thereby facilitat-
ing dispersal (Krause-Jensen & Duarte, 2014). Northward expan-
sions of seaweeds will depend on each species’ dispersal ability, as
long-distance dispersal is possible via rafting (Fraser et al., 2018;
Kalvas & Kautsky, 1998; Olsen et al., 2010; Trowbridge & Todd,
1999) or kelp zoospores (Reed, Laur, & Ebeling, 1988). It will also de-
pend on the availability of suitable substrate, where rocky coasts are
typical along western Greenland and the Canadian Archipelagos but
can be limiting elsewhere in the Arctic (Filbee-Dexter et al., 2019).
Similar trends are expected for seaweed populations across the
Northern Hemisphere in Europe (Assis, Araujo et al., 2018a; Franco
et al., 2018; Jueterbock et al., 2013; Raybaud et al., 2013), the Arctic
(Jueterbock, Smolina, Coyer, & Hoarau, 2016), and in Japan (Takao,
Kumagai, Yamano, Fujii, & Yamanaka, 2015). Yet future studies are
needed for the west coast of North America as well as Africa and
South America. In the Southern Hemisphere, extinctions are more
likely (Martinez et al., 2018) as there are no land masses to promote

poleward migration to Antarctica, and strong circumpolar currents
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limit dispersal abilities, but warming and increased storm events may

promote long-distance rafting of kelps (Fraser et al., 2018).

4.3 | Implications for coastal ecosystems

The projected species-specific range shifts, including southern (trail-
ing) edge extinctions, loss of present-day habitat, and expansions of
the northern (leading) edge, suggested a restructuring in the compo-
sition of canopy-forming seaweeds along rocky shores of the NW-
Atlantic, with implications for ecosystem structure, functions and
services. Under a business-as-usual RCP8.5 scenario, major changes
in seaweed composition are expected from Long Island Sound into
the Gulf of Maine, and potentially along the Scotian Shelf and south-
ern Gulf of St. Lawrence, with hot spots for species loss. The loss of
canopy-forming species can have cascading effects on coastal eco-
systems leading to changes in carbon storage (Schmidt et al., 2011),
decreases in secondary production (Krumhansl & Scheibling, 2012),
alterations in associated species composition and diversity (Dijkstra
etal., 2017; Schmidt & Scheibling, 2006, 2007), and potential regime
shifts (Wernberg et al., 2016).

Currently, the Gulf of Maine and Atlantic coast of Nova Scotia
are already hot spots for climate change, with greater SST increases
than other ocean regions (Pershing et al., 2015) leading to decreases
in kelp abundance (Filbee-Dexter et al., 2016; Krumhansl| et al., 2016;
Witman & Lamb, 2018), shifts in fucoid composition (Ugarte et al.,
2010) and commercial fish stock collapses (Pershing et al., 2015). The
current commercial rockweed harvest in Gulf of Maine and Canadian
Maritimes (Seeley & Schlesinger, 2012) may not be sustained with
continued warming as our projections suggest a shift from the dom-
inance of A.nodosum with lower tolerance to warmer SST to the
more opportunistic F. vesiculosus (Wilson et al., 2015). In the subtidal
zone of Maine and Nova Scotia, our projections suggested a shift in
dominance from native kelp to invasive C. fragile, potentially allowing
C. fragile to settle and form dense beds (Scheibling & Gagnon, 2006).
Alternatively, a loss of kelp may facilitate the transition to a turf algae
dominated ecosystem (Filbee-Dexter & Wernberg, 2018). To date,
the observed warming in the NW-Atlantic has led to increases in both
turf-forming and invasive algae in kelp ecosystems (Dijkstra et al.,
2017; Filbee-Dexter et al., 2016; Witman & Lamb, 2018), and simi-
lar trends have been observed globally (Filbee-Dexter & Wernberg,
2018; Moy & Christie, 2012; Wernberg et al., 2016).

In comparison, projected SST increases, decreases in ice cover,
and changing salinity and turbidity patterns in the Arctic will gener-
ally have positive effects on the distributional range and production
of fucoids and kelps (Filbee-Dexter et al., 2019; Marba et al., 2017).
Yet the projected northward spread of temperate/boreal species may
negatively affect established species such as F. evanescens (Kiipper
et al., 2016) and the endemic kelp L. solidungula (Filbee-Dexter et al.,
2019). Negative interactions following the northward shift of tem-
perate species to polar waters have already resulted in Arctic food
web alterations (Kortsch, Primicerio, Fossheim, Dolgov, & Aschan,
2015) and structural changes in fish communities as Arctic species

retreat poleward (Fossheim et al., 2015). Lack of baseline data makes
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it difficult to quantify if any range shifts, negative or positive inter-
actions have already occurred between temperate and Arctic sea-
weeds and associated communities. Therefore, detailed studies and
ongoing monitoring are needed to understand the consequences of
climate change in Arctic ecosystems.

Overall, other habitat-forming species have also been projected
to experience poleward range shifts, losses in total suitable habitat
area and alteration of species richness patterns. SDM of mangroves
projected species-specific poleward latitudinal range shifts of 2°,
general losses of total suitable habitat, and shifts in species richness
globally (Record et al., 2013). For seagrasses, SDM projected 81.4%
of Zostera noltii's current range in the NE-Atlantic to remain as suit-
able habitat by 2100 with a 888 km northward shift of the range
centre (Valle et al., 2014). Furthermore, analysis of carbon sources
from coastal sediments in Greenland suggest large increases in
seagrass meadows over the 21st century (Marba, Krause-Jensen,
Masqué, & Duarte, 2018). For reef-building corals, SDM projected a
loss of 24%-50% of present-day habitat, mainly between 5 and 15°
latitudes, poleward expansions, and decreases in coral richness by
end-century (Cacciapaglia & van Woesik, 2015). This highlights that
many coastal ecosystems around the world will experience shifts in
habitat-forming species with ripple effects on dependent communi-

ties, including humans.
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