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Accelerating warming and associated loss of sea ice are expected to promote the
expansion of coastal marine forests (macrophytes) along the massive Arctic coastlines.
Yet, this region has received much less attention compared to other global oceans.
The available future projections of Arctic macrophytes are still limited to few species
and regions, and mostly focused at lower latitude ranges, thus precluding well-informed
IPCC impact assessments, conservation and management. Here we aim to quantify
potential distributional changes of Arctic intertidal and subtidal brown macroalgae
and eelgrass by the year 2100, relative to present. We estimate habitat suitability by
means of species distribution modeling, considering changes in seawater temperature,
salinity, nutrients and sea ice cover under two greenhouse gas emission scenarios,
one consistent with the Paris Agreement (RCP 2.6) and the other representing limited
mitigation strategies (RCP 8.5). As data on substrate conditions do not exist, the
models were restricted to the depth range supporting Arctic macrophytes (down to
5 m for eelgrass and 30 m for brown macroalgae). Models projected major expansions
of Arctic macrophytes between 69,940 and 123,360 km?, depending on the climate
scenario, with polar distribution limits shifting northwards by up to 1.5 latitude degrees
at 21.81 km per decade. Such expansions in response to changing climate will
likely elicit major changes in biodiversity and ecosystem functions in the future Arctic.
Expansions are, however, less intense than those already realized over the past century,
indicating an overall slowing down despite accelerated warming as habitats become
increasingly occupied.

Keywords: Arctic, marine forests, macrophytes, climate change, Paris Agreement, range shifts

INTRODUCTION

The Arctic Ocean is the epicenter of global climate change, warming at three times the global
average rate (IPCC, 2021). As a result, ice loss has been accelerated within the past two decades
(Stroeve et al., 2012), triggering a cascade of changes to its ecosystems and beyond (Duarte et al.,
2012). The Arctic contains 35% of global coastlines (Lantuit et al., 2012) and supports highly
productive marine forests of eelgrass and macroalgae (intertidal and subtidal; Krause-Jensen et al.,
2020). Their productivity and growth are largely constrained by freezing temperatures, sea ice
scouring and light limitation due to ice cover (Krause-Jensen et al., 2020). Hence, warming and
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sea ice reduction can lead to an expansion of macrophytes, both
as temperatures become favorable, and sea ice losses make new
habitats available (Jueterbock et al., 2013; Krause-Jensen and
Duarte, 2014; Assis et al., 2017a; Wilson and Lotze, 2019).

A recent assessment provided evidence of expanding
macrophyte distribution limits in the Arctic along with
increased abundance, productivity, and species richness over
the past decades (Krause-Jensen et al., 2020). Moreover, species
distribution models, although challenged by limited observation
records, coarse resolution of environmental layers and lack
of information on substrate in the Arctic, estimated a current
(2000-2017) potential distribution area of brown macroalgae in
the Arctic of 655,000 km? (140,000 km? intertidal, 515,000 km?
subtidal, with some overlap between the two). These areas
represent an increase of about 45% for subtidal and 8% for
intertidal macroalgae since 1940-1950, with poleward migration
rates of biogeographic limits averaging between 18 and 23 km
per decade (Krause-Jensen et al., 2020).

The poleward expansion of macrophytes (i.e., borealization
of temperate communities) has important consequences for the
functioning of Arctic ecosystems given their roles in e.g., carbon
and nutrient cycling and storage (Filbee-Dexter et al., 2019; Vilas
et al., 2020; Gilson et al., 2021). Because of their much higher
C/N and C/P ratios compared to phytoplankton (Duarte, 1992),
macrophytes can export far more carbon per unit of available
nutrients than phytoplankton, thereby having the capacity to
enhance the biological carbon pump. Indeed, macrophytes export
about half of their primary production (Duarte and Cebridn,
1996) and contribute to subsidize benthic food webs and carbon
sequestration in coastal sediments and the deep-sea (Krause-
Jensen and Duarte, 2016; Duarte and Krause-Jensen, 2017;
Ortega et al., 2019). In particular, the extended summer daylight
duration in the Arctic (maximum length of a single “day” ranging
from approx. 24 h at the Arctic Circle to 4,400 h (183 days) at
the North Pole), leads to high growth and productivity (Krause-
Jensen et al., 2016), especially where ice cover is reduced (Krause-
Jensen et al., 2012). The expansion of macrophytes into the
Arctic also creates habitats for associated organisms, including
fish species of commercial interest (e.g., cod juveniles find refuge
from predators in marine forests of macroalgae; Gotceitas et al.,
1995; Teagle et al., 2017), which are also projected to expand
poleward (Martins et al., 2021). At the same time, the local
impacts of borealization can span from increased competition
with native species (Chan et al., 2019) to the complete squeeze
out of high Arctic ecosystems, resulting in the potential loss of an
entire biogeographic zone (Fossheim et al., 2015).

The Paris Agreement provided a roadmap to limit warming
up to 2°C above pre-industrial levels (United Nations Framework
Convention on Climate Change, 2015), while considering climate
change impact assessments based on policy-relevant research
[e.g., Intergovernmental Panel on Climate Change (IPCC)].
To project impacts on ecosystems, species distribution models
(SDMs) comparing present-day vs. projected future distributions
have been performed across taxa, and under contrasting
Representative Concentration Pathway (RCP) scenarios of
climate change, featuring from high compliance to greenhouse
gas reduction (e.g., RCP2.6) to limited mitigation strategies

(e.g., RCP8.5; Handorf and Dethloft, 2012; Assis et al., 2017b;
Melo-Merino et al., 2020). Despite the hypothesized poleward
expansion of marine macrophytes in the future, the Arctic
has received less attention compared to other global oceans
(Melo-Merino et al., 2020; Starko et al., 2021). At present,
projections for macrophytes are only available for few species
or at regional scales (Campana et al., 2009; Miiller et al., 2009;
Krause-Jensen and Duarte, 2014; Assis et al., 2017a; Krause-
Jensen et al,, 2020) and are mostly focused on the potential
impacts at lower latitude ranges, or the replacement of cold-
adapted by warm-adapted taxa (Vergés et al, 2016; Filbee-
Dexter et al., 2020; Pessarrodona et al., 2021). A comprehensive
estimate of the expansion of macrophytes across the Arctic
under contrasting scenarios of future climate change is still
missing, precluding well-informed IPCC impact assessments,
conservation, mitigation and management, by both international
and national committees, organizations, and other stakeholders.
Here we provide a policy-relevant biodiversity impact
assessment by projecting the expansion of macrophytes based on
future climate conditions within the geographic boundaries of
the Pan-Arctic region, as defined by the Arctic Council. We do
so by combining a newly developed distribution model (Krause-
Jensen et al., 2020) of brown macroalgae and eelgrass biomes
with projected changes in temperature, salinity, nutrients and
sea ice cover derived from the Climate Model Intercomparison
Project. Modeling full biomes, instead of applying a species-
by-species approach, allowes overcoming potential biodiversity
data limitations, particularly important in this data-poor region
(Jayathilake and Costello, 2021; Starko et al., 2021). Near present-
day distributions are compared with projected changes under the
RCP 2.6 and the RCP 8.5 (Riahi et al., 2011; van Vuuren et al.,
2011; Wang et al., 2018). By comparing contrasting scenarios of
greenhouse gas emissions, we quantify the potential range of the
future extent (i.e., coverage) of suitable habitats for macrophytes
in the pan-Arctic region, the epicenter of global climate change.

MATERIALS AND METHODS

Future distributional shifts of Arctic marine forests were
projected under contrasting RCP scenarios with the recently
developed macrophyte distribution models (Krause-Jensen et al.,
2020). In this process, species were aggregated into full biomes
of brown intertidal macroalgae, brown subtidal macroalgae
and eelgrass (e.g., Krause-Jensen et al., 2020; Jayathilake and
Costello, 2021) to overcome potential sampling bias in this
data-poor region (Starko et al., 2021). Modeling was based on
the ensemble of Adaptive Boosting (AdaBoost) and Boosted
Regression Trees (BRT), two machine learning algorithms known
for high predictive performances in SDMs (Assis et al., 2017a;
Krause-Jensen et al., 2020; Fragkopoulou et al, 2021) able
to fit complex interactions between predictor variables, while
reducing overfitting through hyper-parametrization and forcing
of monotonicity responses (Elith et al., 2008).

The algorithms fitted environmental predictor layers against
a comprehensive dataset of species occurrence records gathered
from the fine-tuned dataset of marine forests (Assis et al., 2020).

Frontiers in Marine Science | www.frontiersin.org

March 2022 | Volume 9 | Article 850368


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Assis et al.

Expansion of Arctic Marine Forests

This comprised 275,154 records of 31 brown intertidal
macroalgae species, 552,542 records of 233 brown subtidal
macroalgae species and 14,287 records for the eelgrass Zostera
marina, which represented observations across the Arctic and
temperate Northern Atlantic and Pacific realms (Spalding et al.,
2007), from which species might potentially shift poleward
(Krause-Jensen et al., 2020). Due to lack of absence records at
the scales of the study, the same number of pseudo-absences
as presences were produced in random locations where no
presences were recorded (Barbet-Massin et al., 2012).

Key environmental predictors were extracted from Bio-
ORACLE v2.1 (Assis et al, 2017b), a dataset at a spatial
resolution of 0.08° that provides present-day climatologies
from the Copernicus service, and the ensemble of multiple
atmospheric-ocean general circulation models (CCSM4,
GFDL-ESM2G, HadGEM2-ES, IPSL-CM5A-LR, MIROC-ESM)
from the Climate Model Intercomparison Project for future
RCP. Candidate predictors followed the available macrophyte
distribution models (Krause-Jensen et al, 2020) to reflect
physiological constraints (maximum ocean temperature and
minimum salinity), essential resources (nutrients as mean
nitrate concentration) and disturbance (ice cover, which also
affects the light environment). The models also considered
distinct environmental information for intertidal and subtidal
biomes, by using surface and benthic layers (i.e., along bottom
conditions for the average depth) of Bio-ORACLE (Assis et al.,
2017b). Potential intertidal macroalgal areas were clipped with
a gridded mask delimiting global coastlines at the resolution of
Bio-ORACLE (e.g., Assis et al., 2017a). Because information on
light conditions at the seafloor is not available for the future,
subtidal eelgrass and macroalgae areas were clipped using a mask
considering suitable depths from 0 down to 5 and 30 m depth,
respectively, developed with the General Bathymetric Chart
of the Oceans (GEBCO, 2019). These depth ranges are typical
for Arctic eelgrass (Lalumiere et al.,, 1994; Harris et al., 2008;
Olesen et al., 2015) and brown macroalgae (Assis et al., 2017a).
As substrate conditions are not mapped for the Arctic, it was not
possible to delimit sandy vs. rocky areas supporting eelgrass and
macroalgae, respectively.

The negative effect of spatial autocorrelation in the models was
reduced by testing the spatial variability of climatic predictors as
a function of distance, with correlograms estimating minimum
distances at which predictors are not significantly autocorrelated
(Boavida et al., 2016; Krause-Jensen et al, 2020), which
were 10-12.5 km, depending on the datasets (Supplementary
Figure 1). This procedure is necessary to reduce surplus
information that can lead to poorly calibrated models with
inappropriate inference and prediction (Dormann et al., 2007).
Hence, we considered records within those distances not to be
independent and, therefore, pruned records to a final database
of 2,635, 2,764, and 1,410 independent records of occurrence
of intertidal brown macroalgae, subtidal brown macroalgae and
eelgrass, respectively.

The SDMs wused a cross-validation (CV) framework
with sixfold independent blocks with edges equal to the
minimum correlated distance inferred per dataset (Assis
et al., 2017a; Fragkopoulou et al., 2021; Martins et al., 2021).

This CV framework identified the optimal combination of
hyperparameters of the models by the “grid search” method,
which involved tree complexity (1-6), learning rate (0.01,
0.005, and 0.001) and number of trees (50-1,000, step 50) for
BRT, and degrees of freedom (1-5), shrinkage (0.1-1, step 0.1)
and number of interactions (50-500, step 50) for AdaBoost.
The CV framework also assessed model performance and
potential for transferability (i.e., the capacity to accurately predict
distributions outside the temporal window of training data)
in independent data, by reporting the average sensitivity (true
positive rate; Allouche et al., 2006) and the area under the curve
(AUC) obtained with the optimal hyper-parameters (Assis et al.,
2018; Krause-Jensen et al., 2020; Fragkopoulou et al.,, 2021).
To further reduce overfitting, models were forced to produce
monotonic responses, positive for fitting nitrate and salinity, and
negative for fitting ice cover and maximum temperature (Assis
et al., 2017a; Gouvéa et al., 2020).

Distribution maps for the present and under the future
RCP2.6 and RCP8.5 scenarios were produced at a 5 arcmin
resolution as imposed by the resolution of environmental data.
The maps were produced for intertidal and subtidal macroalgae
and eelgrass biomes by ensembling (mean function; Aratijo and
New, 2007) the responses of both AdaBoost and BRT models
using the corresponding optimal parameters. Ensemble modeling
is particularly important for performing future projections,
as it reduces single-algorithm bias and therefore the overall
uncertainty of results (Araujo and New, 2007). Maps were
reclassified to reflect binomial responses—presence and absence
of biome—using a threshold allowing the maximization of
specificity (true negative rate) and sensitivity (Jiménez-Valverde
and Lobo, 2007; Assis et al., 2017a). Distributional shifts were
assessed in terms of area and latitudinal range gain by comparing
the maps developed for the present with those forecasting
distributions under the two RCP scenarios.

Distribution models were developed in R (Language
and Environment for Statistical Computing) using the
packages: biomod2, blockCV, dismo, gbm, mda, parallel,
raster, sdmpredictors, SDMTools, and spThin.

RESULTS

The distribution models developed for pan-Arctic intertidal
and subtidal macroalgae, and eelgrass biomes achieved
good potential for transferability, ie., the capacity to
accurately predict distribution outside the temporal
window of training data inferred with cross-validation
(CV true positive rate, Sensitivities > 0.85; CV area of
the receiver operating characteristic curve, AUC > 0.8;
Table 1). The combination of models into a unique
ensemble also achieved good performance, largely
matching the known distribution of Arctic intertidal and
subtidal macroalgae, and eelgrass biomes, as inferred
when compared to occurrence data (Sensitivities < 0.85,
AUC < 0.8; Table 1).

Sea ice and maximum temperature were particularly
important in explaining the distribution of Arctic macrophytes,
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TABLE 1 | Performance of the machine learning algorithms Adaptive Boosting
(AdaBoost) and Boosted Regression Trees (BRT) inferred with cross-validation
(CV) and the final predictive ensemble for pan-Arctic intertidal and subtidal brown
macroalgae, and eelgrass biomes.

Algorithm Group AUC (CV) Sensitivity AUC Sensitivity
(cv) (final) (final)
BRT Intertidal  0.86 + 0.01 0.89 0.98 0.87
Subtidal  0.83 + 0.08 0.89 0.90 0.84
Eelgrass  0.81 + 0.01 0.98 0.81 0.96
AdaBoost  Intertidal  0.87 + 0.02 0.87 0.98 0.88
Subtidal  0.80 £ 0.01 0.85 0.88 0.87
Eelgrass  0.81 + 0.01 0.97 0.82 0.97
Ensemble Intertidal - - 0.93 0.90
Subtidal — — 0.86 0.89
Eelgrass - - 0.82 0.97

The CV framework assessed model performance and transferability based on the
average sensitivity and Area Under the Curve (AUC) obtained with the optimal
hyperparameters identified for the models.

consistently retrieving high relative contributions to the three
vegetation models (>15% contribution; Figure 1). Salinity and
nutrient concentrations had marginal contributions to all models
(Figure 1), in particular for intertidal macroalgae. The models
showed no signs of overfitting: both maximum temperatures
and ice coverage beyond modeled upper thresholds explained
absences, while on a lower relative importance, increasing
nutrients and salinity explained macrophyte occurrence
(Supplementary Figures 2-4).

Within the geographic boundaries of the pan-Arctic region,
models developed for present conditions (climatology of 2000-
2017) predict 141,520, 515,766, and 391,180 km? of potential
suitable habitats for intertidal macroalgae, subtidal macroalgae,
and eelgrass, respectively (Figure 2 and Table 2). The modeled
areas of the three biomes overlap due to the relatively
coarse nature of the model and the lack of substrate data
that could otherwise help separate macroalgal and eelgrass
biomes. Therefore, the total suitable habitat of pan-Arctic
macrophytes in the present is estimated at 516,470 km?, i.e.,

slightly larger than the estimated suitable habitat for subtidal
macroalgae (Table 2).

The forecasts for the year 2100 projected a general poleward
expansion of macrophytes under both contrasting emission
scenarios (Figure 2). The forecasted pan-Arctic expansion was
12.0% for intertidal macroalgae, 12.2% for subtidal macroalgae
and 7.2% for eelgrass, under the lower emission scenario RCP2.6
(Table 2). This involves poleward latitudinal shifts of up to 1.5
degrees by 2,100, with migration rates of 8.1 km decade™! for
intertidal macroalgae, 20.8 km decade ™! for subtidal macroalgae
and 15.0 km decade™! for eelgrass (RCP2.6; Figure 2 and
Table 2). In contrast, the models predicted a potentially much
larger Pan-Arctic expansion under the high-emission scenario
RCP8.5, with up to 83.1% increase in area for intertidal
macroalgae, 23.0% increase for subtidal macroalgae and 11.8%
increase for eelgrass compared to present times. This represents
migration rates of 18.5 km decade™! for intertidal macroalgae,
20.8 km decade ™! for subtidal macroalgae and 15.0 km decade ™!
for eelgrass (Figure 2 and Table 2).

Projected changes were particularly high along the shorelines
of Eastern Greenland, Russia, Svalbard and Canada (potential
area expansion of the combined macrophyte biome of 5-
112% under RCP2.6; 41-112% under RCP8.5) associated with
a maximum latitudinal expansion of up to 1.5 degrees, and
migration rates of 5.8-39.3 km decade™! under RCP2.6 and
5.8-153 km decade™! under RCP8.5 (Figure 2 and Table 2).
Projected changes were lower along the shores of Western
Greenland (3-4% potential increase in both scenarios), zero for
Iceland, Faroe Islands and N. Norway, and negative for Alaska
under both scenarios (—6 to —34%; Table 2).

DISCUSSION

Our study forecasts that the ongoing expansion of Arctic marine
macrophytes with climate change (Krause-Jensen et al., 2020)
will proceed throughout the twenty-first century under both
RCP2.6 and RCP8.5 scenarios, although with variability across
the Pan-Arctic region. Future poleward expansions of marine

Salinity [

Climatic predictors

Nutrients
]

Intertidal macroalgae Subtidal macroalgae Eelgrass

Sealce l ‘ | ‘ ‘ ‘

Max. Temp. ‘ | ‘

0 20 40 60 0 20 40 0 20 40
Relative importance (%) Relative importance (%) Relative importance (%)

[ BRT [] AdaBoost

FIGURE 1 | Relative contribution of each environmental predictor to the performance of the machine learning algorithms Boosted Regression Trees (BRT) and

Adaptive Boosting (AdaBoost), for pan-Arctic intertidal and subtidal brown macroalgae, and eelgrass biomes.
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FIGURE 2 | Potential changes in habitat suitability projected with species distribution modeling from the present (shown in yellow) to the future (2090-2100,
expansion in green, losses in red, stable habitats in yellow) under contrasting scenarios of greenhouse gas emissions (RCP 2.6 and RCP 8.5) for pan-Arctic intertidal

Eelgrass

180°W 180°W

120°E 120°E

120°E 120°E

0° 0°
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forests have been hypothesized, but until now projections have
addressed few species, specific regions or lower latitude ranges
(e.g., Campana et al., 2009; Miiller et al., 2009; Assis et al., 2017a).
By modeling the full biomes (e.g., Jayathilake and Costello,
2021) of marine forests of brown macroalgae and eelgrass under
contrasting climate change scenarios, we provide new baselines
for well-informed IPCC impact assessments, conservation
and management in the pan-Arctic region, the epicenter of
global climate change.

The performance and transferability potential of the
macrophyte models was generally high, and their combination in
aunique ensemble proved to be a robust approach, with predicted
distributions largely consistent with the observed records (Assis
et al., 2020). Overall, the most important predictors explaining
the distribution of the three types of vegetation (intertidal and
subtidal brown macroalgae, and eelgrass) reflect physiological
constraints (ocean temperature) and disturbance (ice cover, also
affecting the light environment), in line with previous studies
(Krause-Jensen et al., 2020; Goldsmit et al., 2021).

The macrophyte projections were highly dependent on
the emission concentration pathway scenario considered, with
potential expansions of the combined pan-Arctic biome of
brown intertidal and subtidal macroalgae and eelgrass ranging

between 69,940 and 123,360 km? by the end of this century.
All three types of vegetation had comparable projected patterns
of potential area expansion, particularly along the shorelines
of Eastern Greenland, Russia, Svalbard and Canada. There,
the northern range limits predicted for present-day conditions,
can migrate poleward, as suitable habitats become available
in the future. Additionally, these are the areas where higher
warming rates and greatest sea ice reductions have been observed
(Supplementary Figure 5 and Supplementary Table 1; Mudryk
et al., 2018; Derksen et al., 2019; Flato et al., 2019), and where
long-term research (Greenland and Russia) document higher
macrophyte productivity or biomass over the past decades
and suggests further increases in the years to come (Filbee-
Dexter et al., 2019; Krause-Jensen et al., 2020). Conversely,
in Arctic regions where habitats are currently more suitable
in terms of temperature and sea ice, lower or no expansions
were projected. Specifically, limited expansion was predicted
along the W. Greenland coast, no expansion was projected
for Iceland, Faroe Islands and N. Norway, and habitat losses
were projected for Alaska (Supplementary Figure 5 and
Supplementary Table 1). Such losses could be possibly driven
by reductions in salinity (Spurkland and Iken, 2011) due to
ice and glacier melting leading to increased riverine discharges,
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TABLE 2 | Potential distribution area (x 1,000 km?), area expansion (%; values > 25% in bold) and poleward migration rate (km decade™ ") for intertidal and subtidal
macroalgae, and for eelgrass, estimated with species distribution modeling for the pan-Arctic region and the Arctic sectors for the present and future (2090-2100) under

contrasting scenarios of greenhouse gas emissions (RCP 2.6 and RCP 8.5).

Biome Present Future (2100; RCP 2.6) Future (2100; RCP 8.5)
Region Area (x1,000 km2)  Area (x1,000 km2) Expansion (%) Rate Area(x1,000 km2) Expansion (%) Rate
Pan-Arctic Macroalgae (int.) 1415 158.5 12.0 8.1 259.1 83.1 18.5
Macroalgae (sub.) 515.8 578.7 12.2 20.8 634.3 23.0 20.8
Eelgrass 391.2 419.3 7.2 15.0 437.4 11.8 15.0
Combined 516.5 586.4 13.5 20.8 639.8 23.9 20.8
E. Greenland Macroalgae (int.) 4.0 4.9 24.4 27.8 17.4 339.2 87.9
Macroalgae (sub.) 23.2 24.2 4.6 19.7 37.7 62.5 153.0
Eelgrass 21.0 21.6 3.1 19.0 27.6 31.9 153.0
Combined 23.2 24.2 4.6 19.7 37.7 62.5 1563.0
W. Greenland Macroalgae (int.) 29.0 29.1 0.3 35.3 21.6 17.3
Macroalgae (sub.) 54.3 56.7 3.4 15.0 56.0 3.1 19.7
Eelgrass 46.1 46.0 15.0 45.2 19.7
Combined 54.3 56.4 3.8 15.0 56.0 3.2 19.7
Iceland Macroalgae (int.) 20.7 20.7 20.7
Macroalgae (sub.) 20.7 20.7 20.7
Eelgrass 11.5 11.5 11.5
Combined 20.7 20.7 20.7
Svalbard Macroalgae (int.) 4.4 7.8 75.8 8.1 18.2 312.7 10.4
Macroalgae (sub.) 9.3 20.3 118.8 5.8 20.3 118.8 5.8
Eelgrass 0.1 0.1 12.1 0.1 121
Combined 9.6 20.3 111.6 5.8 20.3 111.6 5.8
N. Norway Macroalgae (int.) 26.9 26.9 24.3
Macroalgae (sub.) 26.9 26.9 26.3
Eelgrass 4.8 4.8 4.5
Combined 26.9 26.9 26.3
Russia Macroalgae (int.) 17.2 30.5 77.8 68.2 56.9 231.9 85.6
Macroalgae (sub.) 127.0 156.5 23.3 24.3 176.8 39.3 24.3
Eelgrass 99.8 110.0 10.3 24.3 17.4 17.7 24.3
Combined 127.2 157.6 24.0 24.3 178.9 40.7 24.3
Alaska Macroalgae (int.) 37.5 36.3 -3.2 40.6 8.5 93.7
Macroalgae (sub.) 89.0 771 —-13.3 57.8 —-35.1
Eelgrass 76.8 72.2 —-6.0 49.2 —36.0
Combined 89.0 83.5 -6.2 59.1 —34.0
Canada Macroalgae (int.) 0.8 1.2 52.5 5.8 44.6 5625.5 162.0
Macroalgae (sub.) 164.3 195.6 191 39.3 237.7 44.7 63.6
Eelgrass 130.7 152.6 16.7 39.3 181.3 38.7 63.6
Combined 164.5 195.6 18.9 39.3 239.8 45.7 63.6
Faroe Islands Macroalgae (int.) 14 1.1 1.1
Macroalgae (sub.) 1.1 1.1 1.1
Eelgrass 0.5 0.5 0.5
Combined 1.1 1.1 1.1

Combined distribution areas for intertidal and subtidal macroalgae and eelgrass were computed, considering the overlap between the three components. Intertidal areas,
and therefore total areas, represent upper bounds, as the cell sizes of the model calculations may exceed the width of the algal belts. Blank cells represent regions with

no change in the area between present and future conditions.

as observed in Alaska (Hugonnet et al, 2021; Young et al,
2021).

Poleward expansions were comparable between the three
types of vegetation, with rates up to 20.8 km decade™!. These
rates are similar to the realized expansion of pan-Arctic subtidal
macrophytes during the past decades (18.3 km decade™;
Krause-Jensen et al., 2020), but are half of the average realized
rate of 42.3 km decade™! reported for macroalgae as part of
a global study (but based on only 14 macroalgal observations

compiled from two studies in the subtropical to temperate NE
Atlantic (Poloczanska et al., 2013; their Supplementary Table 6).

Our projections have important implications for forecasts
on the functioning of future Arctic ecosystems. Marine forests
of macrophytes increase the local organic matter production
relative to that of phytoplankton under the ceiling imposed
by nutrient supply through their much higher C/N ratios
(Duarte, 1992). In addition, macrophytes contribute to carbon
sequestration, with eelgrass storing carbon in their sediments,
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as evidenced by recent assessments in Western Greenland
(Marba et al., 2018), and macroalgae exporting carbon to sinks
beyond the coastal habitat (Krause-Jensen and Duarte, 2016).
Further, eelgrass contributes to the accretion and stabilization
of sediments and, together with macroalgal forests, to wave
attenuation and the protection of shorelines, thereby helping
to prevent coastal erosion, which is an increasing problem
across the Arctic with climate change (Lantuit et al, 2012).
Potential expansion of macrophytes could also provide refugia
from ocean acidification, particularly as these habitats expand
into the high Arctic, where sustained photosynthesis under
long summer daytime duration provides extended periods of
elevated pH (Krause-Jensen et al, 2016). At the ecosystem
level, an expansion of macrophytes in the Arctic could increase
biodiversity (Dijkstra et al., 2017) through the creation of habitat
for multiple associated species, including species of commercial
interest, such as cod, mussels, scallops and crabs (Gotceitas et al.,
1995; Teagle et al, 2017), some of which are also projected
to shift poleward in the future (Martins et al., 2021), and—in
the case of eelgrass—geese (Ganter, 2000), which are important
game species for indigenous Arctic people. New species have
already been observed in the high Arctic (e.g., Weslawski et al.,
2010) and new opportunities for additional sources of income
and sustainable livelihoods for Arctic communities could arise
from the expansion of macroalgae and the potential of seaweed
aquaculture, already introduced in Pacific Canada, Alaska and
Faroe Island (Stekoll, 2019). Contrarily, the borealization of
the Arctic could increase competition with native species and
alter community compositions, from cold-tolerant to more
temperate species (Fossheim et al., 2015). Ecological impacts
could potentially involve loss of high Arctic native ecosystems
(Fossheim et al., 2015) as warming proceeds.

Despite the high performance of the models, we acknowledge
limitations. Macrophyte data gaps are still large in this data-poor
region (Starko et al., 2021), therefore, modeling entire biomes
was preferred to a species-by-species approach (Jayathilake and
Costello, 2020). Additional information on biotic interactions
and abiotic characteristics, such as seafloor characteristics, could
improve the models and coverage estimates, but no such data are
currently available (Jayathilake and Costello, 2020). For example,
accounting for the estimated percentage of rocky habitat reduced
the predicted distribution of marine forests of brown macroalgae
in the Arctic by 52% (Krause-Jensen et al., 2020). Moreover,
the cell size of the environmental data (5 arcmin) used in
the models can cover broader areas than those defined by the
actual depth distributions, hence, our estimates represent the
upper bounds of potential suitable areas. This is particularly
obvious for intertidal distributions, for which the alongshore
belt of suitable habitats is often restricted, but in the models,
it can overlap with subtidal distributions (e.g., Iceland). The
same effect is expected between the vertical distribution of
eelgrass over deeper subtidal macroalgae. Although the niches for
subtidal macroalgae and eelgrass overlap for the environmental
data in the models, they are expected to be segregated based
on seafloor characteristics, with macroalgae dominating rocky
shores and seagrass restricted to soft and sandy sediments. The
Arctic coastal zone is likely approximately equally split between

rocky shores and soft sediments, with the latter prevailing in the
extensive shelves receiving discharge from the large Arctic rivers,
particularly the Siberian coast and Svalbard (Young and Carilli,
2019). Water dynamics, such as wave energy and sea currents,
may further affect the distribution of marine forests, with
brown macroalgae benefiting from higher energy environments
(Fragkopoulou et al., 2022) while eelgrass is confined to relatively
sheltered settings (Dahl et al., 2020). Additionally, other factors
such like water dynamics and particularly sea currents, could
influence the dispersal potential of marine forests by either
promoting or limiting their possibility of expansion in the
suitable habitats here predicted for the Arctic. For example,
the West Greenland Current may facilitate poleward dispersal
of propagules while the east Greenland coast is dominated by
southward currents not promoting poleward dispersal. Also,
while the model forecasts that habitat conditions will be suitable
for eelgrass, e.g., in remote Arctic settings such as Franz Josef
Land, it is unlikely that natural dispersion will allow eelgrass to
fill this niche.

The larger area predicted for subtidal brown macroalgae
compared to eelgrass in the Arctic is determined by the much
deeper distribution of brown macroalgae, i.e., to an average depth
of 30 m adopted in the model, compared to 5 m for eelgrass
populations (cf. section “Materials and Methods”). Yet, the 30
m depth limit used for subtidal macroalgae is conservative, as
kelps may in extreme cases occur down to about 60 m in the
Arctic (Krause-Jensen et al, 2019). Light conditions are key
determinants of depth extension on macrophytes. But although
data on underwater light levels are available for the present
Arctic (Gattuso et al., 2020), these are not available in future
projections and this variable could therefore not be included in
the models. Future underwater light extinction could change with
the variation in Arctic planktonic productivity and be locally
reduced in response to increased riverine sediment discharge
e.g., from melting glaciers, while reduced sea-ice cover could
lead to increased incident solar radiation. Melting glaciers can
also result in siltation, as fine sediments are washed into the
sea, a phenomenon already observed, e.g., in Franz Josef Islands
(Gagaev et al.,, 2019). Ice melting contributing to sea level rise
could further influence light penetration in the Arctic waters.
Hence, light penetration in the Arctic may increase in some
areas and decrease in others, but no forecasts are available.
Lastly, the area estimates do not include red algae, which may
be important components of macrophyte communities in the
deeper areas of the coastal zone. Green macroalgae are also
not included in the models but their distribution is expected
to be contained within the distribution area of the brown
algae. Data on the abovementioned constrains are presently
lacking, but are expected to result in further refinement of our
models, once available.

In summary, we provide a quantitative impact assessment
forecasting the extent to which climate change will continue to
drive the expansion of pan-Arctic marine forests, following the
expanding trend documented along the past century (Krause-
Jensen et al, 2020). Macrophyte expansion from 1940-50 to
2000-2017 has earlier been estimated at about 170,000 km?
(sum for intertidal and subtidal brown macroalgae) across
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the Pan-Arctic (Krause-Jensen et al, 2020) and we project
further expansions between about 70,000 and 125,000 km? until
the end of this century, depending on the emission scenario.
The projected future expansion represents about 1-2% of the
estimated global macrophyte area (Duarte, 2017), but is less than
the expansion already realized over the past century. Hence,
macrophyte expansions with future climate may be slowing
down, despite accelerating Arctic warming. Potential habitats,
constrained by depth, are probably becoming increasingly
occupied despite the Arctic permafrost comprising about 34% of
the global shoreline (Lantuit et al., 2012). This is also supported
by our prediction of differences in future macrophyte expansions
between Arctic regions with largest relative expansions predicted
for the currently coldest regions. In any case, our projections
support the Arctic as an increasingly important region for
marine vegetated habitats. The sustained poleward expansion of
macrophytes will continue to elicit major changes in biodiversity
and ecosystem functions in the future Arctic.
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