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the Arctic flora was confined to the Arctic and perceived low
levels of adaptation, characterizing the flora as “ecologically
immature.” More recent estimates bump up the level of Arctic
endemism to 13.5% (23). Molecular taxonomic work reflects the
trend toward recognizing Arctic affinities, for example, in the
recently described species A. borealis, Chorda borealis, and E.
borealis (https://www.algaebase.org). Here, 21 species (19%) of
the sampled flora appeared to be confined to the Arctic, not to
mention the cryptic lineages reported by Laughinghouse et al.
(15), Kiipper et al. (16), and species with distinct Arctic pop-
ulations reported here (e.g., A. esculenta) (SI Appendix, Figs. S44
and S$45). Altogether, these results suggest that a large portion of
the Arctic marine flora has persisted far north through cycles of
glaciation, raising the possibility that Arctic marine forests do not
simply tolerate but have adapted to high-latitude conditions since
the development of modern-day polar conditions coincident with
global cooling during the Cenozoic (66 Ma onwards). Note that
while red and green seaweeds are among the oldest lineages of
Eukaryotic life (24 and 25), brown seaweeds (Phaeophyceae)
likely emerged early in the Mesozoic and possibly radiated in re-
sponse to global cooling during the Cenozoic (26 and 27).

The implications of these findings extend beyond marine for-
ests. Patterns in accompanying hard-bottom marine fauna, some
of which thrive in the habitat provided by macroalgae, are readily
resolved by invoking northern refugia. A phylogeographic review
of Arctic marine fauna highlighted substantial geographical
subdivision in the COI-5P complex of the polychaete Harmothoe
imbricata, with lineages that appeared to be restricted to the east
Canadian Arctic (28). The presence of cryptic Arctic lineages
was further revealed in polychaetes (29), molluscs (30), and
amphipods (31). In concert with the results for Arctic forests,
these studies demonstrate the resilience of Arctic marine com-
munities to cycles of glaciation and the potential for adaptation
to extreme-cold environments. Given the relative scarcity of
genetic surveys in the Arctic, these results also suggest levels of
Arctic marine endemism remain underestimated, a disparity that
is likely further exacerbated at the population level.

The species pump hypothesis, initially forwarded by Haffer
(32), proposes that isolation of populations into highly localized
refugia during glaciation drives speciation. Theoretically, this
concept should find strong evidence in the marine environment.
Eustatic sea-level fluctuations, which precipitated a >100-m drop
in sea level and exposed continental shelves during the LGM, led
to drastic shifts in the distribution of coastal marine ecosystems,
pushing benthic habitats, such as coral reefs and marine forests
to narrow strips of the upper continental slopes (33) (Fig. 2). Our
results can be interpreted within the context of a species pump
mechanism, driving diversity in high-latitude marine benthic
environments. Several of the species surveyed displayed com-
pelling examples of unique lineages seemingly restricted to the
Arctic (e.g., D. ramentacea (SI Appendix, Figs. S13 and S14) and
A. esculenta (SI Appendix, Fig. S44)), and the total number of
genotypes sampled had a clear “Arctic-only” component (S/
Appendix, Fig. S2). The timeframe for cycles of glaciation (41- to
100-ka cycles over the past ~2.6 Ma) (1), however, may not be
sufficient to produce novel species in marine benthic taxa. In
fact, the species pump has seen little support in other marine
systems, such as coral-reef fishes (34) and tropical rocky shore
assemblages (35), and in marine forests the species pump ap-
pears to be limited to driving population differentiation and
incipient speciation (13 and 36). Nonetheless, taking stock of
diversity at high latitudes ought to consider cryptic lineages
born out of cycles of glaciation, regardless of whether these
constitute novel species or population genotypes, as both serve
to bolster the resilience of ecosystems in the face of environ-
mental change (17).

On a final note, it is possible northern refugia are not confined
to the southern coast of Greenland. Alhough the western Arctic

22594 | www.pnas.org/cgi/doi/10.1073/pnas.2002753117

was locked in multiyear sea ice, portions of the Siberian coastline
as far east as the Laptev Sea appear to have remained seasonally
ice-free at least as early as 16 ka (37). This was due to warm
Atlantic water entering the Arctic through the Fram Strait, which
may have provided Arctic refuge for marine forests. The role of
katabatic winds and the formation of polynyas, recurrent areas of
ice-free water, also may have played a role maintaining a sea-
sonally ice-free shoreline (37). The modern-day Arctic features
numerous polynyas, particularly along the margins of the Arctic
basin, enhancing early spring productivity and creating biodi-
versity hotspots (38). Lee (10) even describes seaweed commu-
nities in a polynya near Brock island (78°N), including L.
solidungula, Desmarestia viridis, and Tumnerella pennyi. Hypothe-
ses regarding the role of polynyas maintaining Arctic refugial
locations during the LGM may need to be invoked to explain the
population structure of the Beaufort, which is oddly more ge-
netically distant from Atlantic conspecifics than Nome pop-
ulations (which are geographically farther away) (Fig. 1). We do
caution in interpreting this pattern, however, given the limited
sampling of the west Arctic/Bering Sea, lack of sampling from
Russia, and “founder-takes-all” effects, which can result in sharp
demarcations in macroalgal population structure, even at small
spatial scales (39). Even so, if history is an indication, we need to
temper our assumptions regarding the inability for marine forests
to flourish in areas with “harsh” ice conditions.

Conclusions

Over the decades, our understanding of Arctic marine forests has
gradually evolved from a one-vector ecosystem stemming from
European refugia to many melding pathways, and from a bio-
logically depauperate expanse into a complex genetic landscape.
Ultimately, our goal was to provide a checkpoint in our under-
standing of Arctic marine diversity, particularly by sampling
Arctic locations where DNA barcode surveys are rare or absent
(i.e., Bering Sea, east Arctic, northern Europe) and by summa-
rizing genetic patterns across macroalgal species with sequence
data from the Arctic. We emphasize the significance of sum-
marizing insight across species, with over 100 species examined
through this work spanning 3 phyla and 2 kingdoms of life, and
extensively so in 26 species (SI Appendix, Fig. S1 and Table S1).
Single-species studies have struggled to reconcile postglacial dy-
namics, particularly where findings do not align with prevailing
views (e.g., refs. 13 and 15). As well, a population genetic ap-
proach to resolving these patterns in Arctic marine communities
oftentimes falls short of conclusive because of the inherent diffi-
culty in sampling any individual location and subsequent limited
geographical coverage for analysis. Ecological niche modeling can
close these gaps in our knowledge by highlighting likely locations
of persistence during glaciation and aiding in the interpretation of
genetic patterns.

We forward the view that the marine Arctic environment was
recolonized from numerous and globally distributed source
populations, including unrecognized far northern refugia that
additionally contribute to endemism in polar waters. This work
further supports the view that complex evolutionary processes
are born out of the Arctic environment, particularly the interplay
between incipient speciation and secondary contact (species-
pump), and suggests Arctic marine benthic ecosystems are
adapted to polar environments (evolution of Arctic assemblages
throughout the Cenozoic and into the Pleistocene) rather than
exclusively being cold-tolerant extensions of temperate flora/fauna.
Most prescient, however, our results indicate Arctic coastal systems
are unique in their composition, insight that comes at a time
when the Arctic is most at risk from climate change impacts.
Amplification of warming trends (2) and the rapid decline of
perennial ice cover has left an uncertain path forward for the
Arctic biome. For the marine realm, the answer is not simple;
while increased temperatures and the loss of multiyear sea ice
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will likely open new Arctic habitat, unstable coastlines due to
permafrost melt and changes to water chemistry are likely to
hamper potential gains in marine forests, with these impacts
unevenly distributed throughout the Arctic ocean (7). Net gains
and losses of diversity in the Arctic therefore remains an area of
active research (3), and will continue to improve as DNA se-
quence data enhance our knowledge of cryptic taxa and high-
latitude endemic species. As such, taking stock of biodiversity
remains among the first steps toward monitoring the resilience
of Arctic marine ecosystems to ongoing environmental changes.

Materials and Methods

Genetic Data and Analyses. Marine macroalgae were sampled in several key
locations across the Arctic over the course of 5y, including Japan; Kamchatka
(Russia); Haida Gwaii, British Columbia, Canada; Nome, Alaska (northern
Bering Sea); the Beaufort Sea, northern Alaska; Cambridge Bay (Nunavut,
Canada); Hudson Bay, Manitoba, Canada; Baffin Island, through northern
Labrador to Makkovik, Canada; and Bergen, Norway. Marine macroalgae
were generally collected from the intertidal and via scuba, but occasionally
via dredge. A portion of each specimen (~1 cm?) was preserved in silica gel
for DNA extraction, while several representatives of putative species were
preserved as pressed vouchers. Specimens were brought back to the Uni-
versity of New Brunswick (where specimens are stored) for DNA extraction.
Several genes were amplified, including the 5 end of the cytochrome
¢ oxidase subunit | gene (COI-5P) in red and brown algae, tufA in green
algae, and partial reads of the ribulose-1, 5-biphosphate carboxylase large
subunit (rbcL-3P) (S/ Appendix, Table S4) in red and brown algae. Secondary
markers were acquired in select species, including the full-length nuclear
internal transcribed spacer region (ITS) and plastid ycf35, in order to further
clarify or support COI-5P patterns (S/ Appendix, Table S4). Successful PCR
products were sent to Genome Quebec for forward and reverse sequencing.
All genetic data were edited in Geneious v8.0 (40), and any relevant previ-
ously published DNA barcodes were added to the dataset.

Populations were pooled for analysis according to broad geographic re-
gions: northeast Pacific (British Columbia, Canada, and Washington state,
United States); Nome, Alaska (proxy for Pacific migrants into the Arctic);
Beaufort, Alaska (proxy for the west North American Arctic); east Canadian
Arctic with the southern distribution delimited using the 10 °C air temper-
ature isotherm for July (Cambridge Bay, Nunavut, through to Nain, Labra-
dor); northwest Atlantic (Makkovik, Labrador, and southwards, including
the Canadian Atlantic provinces and New England States, United States);
northeast Atlantic (Europe) (Fig. 2). The northwest Pacific was excluded
given the paucity of data. Species generally corresponded to Barcode Index
Numbers, a binning system provided through the Barcode of Life Data-
system (BOLD), which utilizes a fluid threshold to proxy species units based
on levels of intra- and interspecific genetic variation (41). Species were in-
cluded in genetic analyses provided they featured in at least one Arctic re-
gion for which >10 individuals were sampled. Of 109 species sampled with
Arctic populations, we analyzed 26 (S/ Appendix, Fig. S1), 5 of which had
sequence data from multiple markers, for a total of 31 species-marker
combinations. All 109 species were considered in additional analyses evalu-
ating total diversity levels in the Arctic, which were used to quantify the
number of Arctic endemic species. These analyses are presented as supple-
mentary material, and include accumulation curves of all genotypes sampled
(42) (SI Appendlix, Fig. S2), a table interpreting haplotype patterns in all 109
species sampled (S/ Appendix, Table S1), and haplotype maps and networks
(SI Appendix, Figs. S3-S95).

Various populations statistics were calculated for each region, including
measures of genetic diversity, genetic differentiation, and Tajima's D test for
neutrality. Sequences were truncated to the shortest length sequence within
each species prior to all genetic analyses. GenAlEx 6.51 (43) was used to run
an analysis of molecular variance (AMOVA) and derive values of PhiST (®sy),
an analog to Fst that incorporates nucleotide diversity in distance calcula-
tions (i.e., haplotypes are not assumed to be equidistant from each other).
Calculations for @y followed that of Meirmans (44). Pairwise tests for sig-
nificant @1 values were conducted using 9,999 permutations of the dataset.
Null values for ®sr occurred wherein two populations were monotypic for
the same haplotype and were changed to 0 (no genetic differentiation).
Species-specific analyses are presented in S/ Appendix, Table S5. @t values
were averaged for each region across all species, and a PCoA was conducted
on the pairwise distance matrix using the covariance-standardized method
in GenAlEx. Given that notably few measurements were available between
the northeast Pacific and the Beaufort (only two species, with two to seven
records from the Beaufort, and no genetic differentiation), we “normalized”
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this pairwise distance by taking the average of genetic distances between
the northeast Pacific and Nome, and the northeast Pacific and the east
Arctic. The unaltered PCoA figure is presented in S/ Appendix, Fig. $96. We
also conducted the same analysis with low sample-size populations removed
(<10 individuals) (S/ Appendix, Fig. S97). Alternate PCoAs revealed the same
pattern, except the Beaufort grouped closer to the northeast Pacific when
not “normalized.”

Frequency-based parameters were also calculated for each region within
each species, including the number of haplotypes (Na), the number of ef-
fective alleles (Ne), the number of private haplotypes within populations
(Npw), and haplotype diversity (h). Ambiguous sites were removed for these
calculations. DnaSP v6 (45) was also used to calculate the number of poly-
morphic sites, nucleotide diversity (0,), and Tajima’s D statistic with accom-
panying P values. These results were again averaged across all species-
marker combinations, and differences in measures between populations
were assessed using Kruskal-Wallis H tests (46). Dunn’s post hoc tests with
Bonferroni corrections were performed for variables yielding significant
Kruskal-Wallis H tests. The analyses for individual species are presented in S/
Appendix, Table S3, while the post hoc tests are presented in SI Appendix,
Table S2.

Hindcasting Species Distributions. The extent of marine forests during the
LGM was inferred using maximum entropy modeling of species distributions.
This approach utilizes presence-only data to estimate the relationships be-
tween species occurrences and accompanying environmental data, which
are then used to estimate the most uniform distribution under those con-
straints (maximizing dispersedness/entropy) (47). Modern and paleo marine
environmental data layers were downloaded from MARSPEC (48 and 49), in
particular, bathymetry, mean annual sea surface temperatures (SST), and SST
of the coldest ice-free month. Seaweed distributions are highly tuned to
marine isotherms, and ecological niche modeling consistently indicate SST is
the most important variable in modeling macroalgal species distributions (3).
Paleo environmental data layers represent average values as derived from
six coupled ocean atmosphere general circulation climatic models, including
salinity-adjusted CCSM3. Occurrence records were gathered for O. dentata
and L. solidungula. These species were selected to proxy distributions in
boreal to temperate species with Arctic populations (i.e., the historical view
of Arctic marine forests; O. dentata), and putative Arctic endemic species
(L. solidungula). These species were also selected given they are reliably
distinguished morphologically, and, as such, historical records would not be
conflated by cryptic species. Occurrence records were derived from Lining
(6). Distribution maps were scanned and georeferenced, and GPS locations
for occurrences were subsequently derived. For continuous distributions,
GPS coordinates were haphazardly recorded at ~250-km intervals. Historical
occurrence records were then pooled with locations from DNA barcode re-
cords (BOLD), and the Macroalgal Herbarium Portal (https://macroalgae.org/
portal/index.php). To correct for sampling bias during training of the eco-
logical niche models, occurrence records in close proximity to each other
were randomly removed using the R package spThin (50), with a thinning
parameter of 100 km. The resulting datasets kept 111 of 260 occurrence
records for O. dentata, and 87 of 164 for L. solidungula (51). The thinned
occurrence records and environmental layers were then trained using
Maxent (52) and projected onto conditions during the LGM. Models were
built using threshold features in order to better reflect lethal temperature
limits in macroalgae, and model performance was assessed using cross val-
idation. A regularization multiplier of 1 was used, as was a default preva-
lence of 0.5 (the probability of presence at average presence locations).
Clamping was used to restrict variables outside the training range. Multi-
variate environmental similarity surfaces were also used to evaluate the
distribution of environmental values outside the training data range pro-
jected during the LGM, which functioned to indirectly map persistent ice
cover and restrict inferences of refugial locations to seasonally ice-free wa-
ters. Output asc files were converted to figures in R using ggmap and
ggplot2 packages (50).

Data Availability. Specimen records, including pictures, collection informa-
tion, sequence data, and GenBank accessions can be accessed via Figshare (51)
and BOLD (53).
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