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Until recently, Arctic kelp forests were so understudied that they did not even appear
in global kelp forest maps. An increasing focus on Arctic coastal ecosystems has
documented extended kelp forests along Arctic coastlines but the distribution of the
forests is still not well documented and opens up for surprises. Here, we report kelp
depth limits deeper than 61 m (median: 38.4 m, 10-90% percentiles: 10.8-54.4 m) in
the Disko Bay region, Greenland, at latitudes of 67-70°N. We compiled, for comparison,
existing records of kelp depth limits in high latitude (50°N) regions (median: 17.7 m,
10-90% percentiles: 9.0-38.1 m), which underline that the Disko Bay kelps hold a
depth-record for this region. The deepest kelps were located at offshore sites beyond
the Disko Island and the main coast. The clear waters offshore with euphotic zones
(1% of surface irradiance) extending to 67 m depth provide, along with deep rocky
seafloors and low density of sea urchins, the basis for these deep kelps. The sites
were ice-covered for 77-133 days year~ ", which is beyond the length of the polar night
(30-60 days year— 1) in the region, suggesting a potential for further depth penetration of
kelp forests in a future with longer open water periods and more light potentially reaching
the seafloor.

Keywords: macroalgae, Saccharina, Agarum, submerged vegetation, depth extension, Arctic

INTRODUCTION

Kelp forests are widely distributed along coastlines where rocky substratum and cool, clear,
and relatively nutrient-rich waters fulfill their growth requirements and where sea urchins do
not overgraze them (e.g., Steneck et al., 2002). In spite of their large ecological relevance in
terms of habitat provision, productivity and carbon cycling (e.g., Teagle et al., 2017; Wernberg
et al., 2019), kelp distribution is still widely unexplored, particularly in Arctic regions, which
are often ignored in global reviews and maps of kelp forest ecosystems (Steneck et al., 2002;
Graham et al., 2007; Krumhansl et al., 2016). Research efforts on kelp forests have focused in
mid-latitude regions (30-60°) on both hemispheres, with much fewer observations from higher
latitudes where kelps until recently were considered to be unable to attain forest status (Steneck
et al,, 2002). Only very recently, Greenland kelp forests appear in maps of global kelp distribution
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(Filbee-Dexter et al., 2019; Wernberg et al., 2019), despite the
huge suitable habitat that Greenland offers to support kelps,
which may potentially grow along much of the 44,000 km, 12%
of the global, shoreline (Krause-Jensen and Duarte, 2014). While
kelps are generally confined to temperate and Arctic regions,
additional extended kelp forest habitats exist at 30-200 m depth
in tropical regions, where the shallow zones are too warm and
nutrient-limited to support kelp growth but where the deeper
zones fulfill the habitat requirements of kelps (Graham et al.,
2007; Assis et al., 2018).

Temperate and Arctic kelp forests typically extend down
to maximum water depths of 30-40 m (Wernberg et al,
2019) with lack of light preventing deeper forests, as relatively
high nutrient levels in kelp forest regions fuel considerable
phytoplankton productivity, leading to relatively high light
extinction coeflicients (Liining, 1990; Steneck et al, 2002;
Graham et al, 2007). In line with this, a recent compilation
showed, e.g., Canadian, Alaskan, and Norwegian kelp forests
down to around 20-30 m (Filbee-Dexter et al., 2019). Arctic kelp
forests in Svalbard also grow down to 18-20 m depth (Bartsch
etal., 2016; Hop et al., 2016), with occurrences deeper than 25 m
in some fjords (Tatarek et al., 2012; Smota et al., 2017), along
relatively protected coastlines and fjords of Greenland kelp grow
down to ca. 15-40 m depth (Borum et al., 2002; Krause-Jensen
et al., 2012) with the deepest occurrences and densest forests in
areas with long open-water periods (Krause-Jensen et al., 2012),
and along Russian coasts there are reports of kelps down to 15 m
depth (Shoshina et al., 2016) as well as several cases of depth
limits shallower than 10 m (Myagkov, 1975; Plotkin et al., 2005;
Malavenda and Malavenda, 2012). However, the vast majority
of studies on Arctic kelps represents fjords and bays, which
experience stronger light attenuation than offshore and open
coastal stretches due to planktonic production in combination
with turbidity caused by river and glacier runoft (Murray et al.,
2015). Hence, there is a need to balance available estimates with
those derived from offshore, open coastal Arctic habitats, where
the underwater light environment and deep rocky seafloors are
expected to allow deeper penetration of kelp forests.

Here, we report Greenland kelps extending to maximum
depths deeper than 61 m along offshore and open coastlines of
the Disko Bay region (W. Greenland) at latitudes of 67-70°N.
We compare these observations with a compilation of existing
records of kelp depth limits from the temperate/Arctic region at
latitudes >50°N.

MATERIALS AND METHODS

New Observations of Kelp Depth Limits
in the Disko Bay Area, Greenland

The vertical extension of kelp forests was studied during a
cruise from Sisimiut to Nuussuaq in the Disko Bay, Greenland,
in August/September 2009 (Hansen et al, 2013). A total of
33 transect lines, representing 11 sites with 3 transects each,
were surveyed by a underwater video systems equipped with
a depth sensor (UV-video system JH-Teknik Aps, Denmark),
transmitting camera depth and surface positions from the ships

navigation system to each recorded video frame. Four of the
sites (Haregen, Kronprinsens Ejland, Hunde Ejland, and Rifkol)
represent islands located offshore from the Disko Island and
the main coast. The remaining seven sites represented relatively
open coastlines including bays and fjords along the western and
southern coastline of the Disko Island, and the mainland north
and south of the Disko Island (Figure 1). At each site, the three
transect lines were, where possible, placed to represent different
relative levels of exposure to wind and waves (visually assessed
as protected, medium, exposed relative to the conditions at the
specific site), which could affect, e.g., substratum characteristics.
Three of the sites had solely exposed transects whereas the
remaining eight sites allowed for comparison between exposure
levels to test whether such small-scale variation affected the depth
penetration of the kelp.

Each video recording encompassed the depth range from
the shallow subtidal (typically 5-8 m depth) to the deepest
occurrence of kelps, though in some cases kelps penetrated
deeper than the deepest video images (61.4 m). The measured
water depths were corrected for tidal level at the time of
assessment based on tidal information from the nearest town'.

'http://ocean.dmi.dk/tides/tides_grl.php

FIGURE 1 | Map of stations representing this study’s observations of depth
limits of Greenland kelp along the outer shores of the Disko Bay area,
67-70°N, on Greenland’s west coast. The satellite image shows plumes of
turbid water in the inner parts of fjords and clear waters along the outer
shores although some clouds cover part of the scene.
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The percentage kelp cover was estimated visually from the
video frames within depth intervals of approximately 5 m.
The kelp cover was estimated relative to the total area of the
bottom irrespective of the presence of suitable substratum. The
depth limit of kelps, here defined as the deepest occurrence
of 1% cover, was identified, and we noted whether it was
represented by Agarum clathratum Dumortier, for which the
distinct holes in the blade made it easily distinguishable, or by
either Saccharina latissima (Linnaeus) C. E. Lane, C. Mayes,
Druehl and G. W. Saunders, S. longicruris (Bachelot de la Pylaie)
Kuntze or Saccharina sp., for which a joint cover was estimated.
The nature of the substratum (1 = rock/stones, 2 = mixed,
3 = sand) as well as the approximate density (# m~2) of sea
urchins was equally assessed from the video frames along the
depth gradients, and averaged for each transect. Data on sea
ice cover representing each of the 11 sites was obtained from
passive microwave imagery processed with the Enhanced NASA
Team algorithm and archived and distributed by the National
Snow and Ice Data Center; and the length of the ice-free
period was calculated based on an algorithm (for details see
Krause-Jensen et al., 2012).

Literature Compilation of Reported

Depth Limits

We scanned the international literature for data on kelp depth
limits in the high latitude (beyond 50°N) regions, extending the
earlier compilations by Vadas and Steneck (1988), Gattuso et al.
(2006), and Filbee-Dexter et al. (2019) for the Arctic. Among the
additions are data from Greenland (Krause-Jensen et al., 2012),
Iceland (Gunnarsson, 1991), and the Faroe Islands, located in
the north Atlantic at about 62°N between Iceland and Norway
(Bruntse et al., 1999).

Data Analysis

We compared the range and 10-90% percentiles of our
observations of kelp depth limits from the Disko Bay area with
our literature compilation and tested (one way ANOVA) for
differences in mean depth limits among the data sets. For the
Disko Bay data set, we further compared the range and 10-90%
percentiles of observations of kelp depth limits from the offshore
sites with those from the main land coast and the Disko Island
coast and tested (one way ANOVA) for differences in mean depth
limits among the data sets. For the eight sites where transect lines
represented different exposure levels, we tested (paired t-test)
for differences in depth limits between exposure levels (exposed
vs. protected and medium-exposed). Average sea urchin cover
and sediment composition at offshore vs. coastal sites were also
tested for differences (one-way ANOVA, t-test). Analyses were
performed using JMP version 13.0.

RESULTS

The 33 observations of kelp depth limits from this study in
the Disko Bay area represent a mean of 355 m (median
38.4 m) and 10-90% percentiles of 10.8-54.4 m (Figure 2).
Three observations were deeper than 55 m with a maximum
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FIGURE 2 | Reports of kelp depth limits from the Disko Bay region, Greenland
at 67-70°N (this study, open circles) compared with a literature compilation of
existing reports of depth limits from latitudes above 50°N (filled circles). The
upper dotted line shows the 90% percentile (54.4 m) of the observations from
the Disko Bay region while the lower dashed line shows the 90% percentile
(81.8 m) of published reports.

deeper than 61 m recorded at two sites, the small skerry islands
“Kronprinsens Ejland” and “Hunde Ejland” off the coast of the
Disko Island (Supplementary Table S1). The Disko Bay depth
limits are considerably deeper than depth limits earlier reported
for the high latitudes, which represented a mean level of only
18.4 m (median 17.7 m) and 10-90% percentiles of 9-31.8 m
(Figure 2 and Supplementary Table S2). The difference in mean
levels is significant (one way ANOVA, F-Ratio = 75.1; p < 0.0001).
While export of kelps from shallow to deep waters do occur (e.g.,
Krause-Jensen and Duarte, 2016), we are confident that the depth
limits reported here represent growing depths of the kelps. This
is supported by the gradual decline in kelp cover recorded by
underwater video along the depth along with a general decline
in the size of the kelps near the depth limit.

A comparison among the 33 transects underlined that kelp
forests grow markedly deeper at offshore sites (mean =+ SE:
439 + 3.1 and 10-90% percentiles of 31.5-60.4 m) than at
sites located along the coast of the mainland and the Disko
Island (mean =+ SE: 30.7 + 3.4 and 10-90% percentiles of
10.4-41.4 m, Figure 3). The difference is significant (one way
ANOVA, F-Ratio = 6.75; p = 0.014) and is well in accord
with the much clearer water offshore than along the coast
as evidenced from satellite images of the region (Figure 1).
The sites represented open water periods ranging from 232
to 288 days year~!. Across this narrow range, there was no
relationship between the depth limit of kelps and the open
water period (linear regression, p = 0.32). For sites where
transects represented different exposure levels, depth limits
did not depend on exposure as there was no indication that
the linear relationship between depth limits at exposed vs.
protected/medium exposed sites deviated from the 1:1 line
(Supplementary Figure S1, paired t-test: t-ratio = —0.66719,
DF =7, prob < Itl = —0.664).

The three offshore sites with kelp depth limits
deeper than 55 m all had no or low sea urchin density
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FIGURE 3 | Depth limits of kelp forests from the Disko Bay region, Greenland
at 67-70°N in offshore sites (right panel) as compared with coastal sites (left
panel). The box represents 25-75% percentiles, the central line is the median
and the whiskers represent 10-90% percentiles.

(Supplementary Figure S2). Conversely, the shallowest depth
limits (1-11.4 m in the Disko Fjord) were associated with the
highest occurrence of sea urchins (5-40 urchins m~2). However,
low sea urchin density was no guarantee for deep penetration
of kelps (Supplementary Figure S2). Still, sea urchin density
was significantly lower in offshore sites (mean £ SE (min-max):
0.13 £+ 0.1 (0-1) urchins m~2) as compared to coastal sites
(mean + SE (min-max): 5.5 £ 2.0 (0-40) urchins m~2) (¢-test,
t-ratio: —2.0; DF = 31, p(t < 1) = 0.027), which may contribute
to the generally deeper depth limits offshore.

While suitable substrate at depth is also a requirement for
deep depth limits, there was no significant relationship between
depth limits and average substratum composition along the
transect lines within the kelp distribution limits (Supplementary
Figure S3, linear regression, R? = 0.06, p = 0.17) or substratum
type at the depth limit (one way ANOVA, F-ratio: 1.61, p = 0.22).
Offshore sites were not characterized by significantly harder
substratum than coastal sites within the depth ranges where kelps
grew (One-way ANOVA, F-ratio: 2.18, p = 0.15). Still, e.g., at
the coastal sites in the Disko Fjord and Laksebugten representing
the shallowest depth limits, the substrate turned sandy already
at shallow depths and at the offshore site Hunde Ejland, the two
replicate transects supporting kelp depth limits down to 51 and
61 m had more rocky substrate than the third replicate transect
where kelps penetrated solely to 31 m depth.

Along the vast majority of transects (30 out of 33 transects),
A. clathratum was the deepest located kelp, sometimes in
combination with other kelps (predominantly S. latissima and
S. longicruris), while these other kelps alone only defined the
depth limit in three cases.

DISCUSSION

We documented that the deepest occurring kelps extend to record
depths deeper than 61 m in the Disko Bay region at latitudes
of 67-70°N. This is far deeper than previously reported depth

limits for high latitude (beyond 50° N) regions (Figure 2). Earlier
reports of kelp depth limits in Greenland were in the range of
12.6-43.6 m and predominantly represented relatively protected
sites (Krause-Jensen et al., 2012), whereas the current dataset
includes offshore sites and open coastal stretches. Indeed the data
from the Disko Bay showed that the deepest kelp forests occurred
at small islands isolated from the main coastlines, which are
likely less influenced by high turbidity delivered by glacial run-
off, resulting in clearer waters and less sedimentation of material
on the rocky seafloors (Murray et al., 2015; Traiger and Konar,
2018). In addition to clearer waters, the reduced occurrence
of sea urchins along with the presence of suitable substratum
at depth likely support the deep penetration of kelps in the
offshore regions, as also noted for, e.g., kelp forests in Iceland
(Gunnarsson, 1991). In the Gulf of Maine, kelp forests offshore
where also less affected by sea urchins, and recruitment limitation
of sea urchins offshore was suggested as explanation (Witman
and Lamb, 2018). A. clathratum shows marked resistance to sea
urchin grazing (Gagnon et al., 2005) and is also a shade-tolerant
species (Wernberg et al, 2019), which may explain why this
species typically defined the depth limit.

Deeper kelp forests along open coasts relative to more inland
locations have also been reported from the Faroe Islands with
depth limits increasing from 12.3 £ 0.85 m (mean =+ SE) in
inner protected fjords, over 16.8 & 1.2 m in medium exposed
areas to 17.8 = 0.9 m in the most exposed open settings
(Bruntse et al., 1999). Lack of substrate often limits the depth
distribution in the Faroe Islands where erosion coasts prevail.
In Breidifjorour Bay, Iceland, depth limits increased from 11
to 15 m in inner, protected-medium exposed settings to 16-
19 m in outer, exposed settings with clearer waters and with
predominantly hard substratum and absence of sea urchins
(Gunnarsson, 1991). Along 2,700 km of the littoral of Brittany,
Derrien-Courtel et al. (2013) also reported depth limits varying
from 1.6 to 32.2 m, increasing toward offshore, clearer sites. In
Hornsund, Svalbard, kelps also grows deeper in the least turbid
sites (Tatarek et al., 2012). In line with these observations, Traiger
and Konar (2018) observed faster recruitment of kelps and more
abundant kelps at oceanic sites than at glacial sites along a glacial
gradient in Kachemak Bay, Alaska, and correlated this pattern
with increased inorganic sedimentation rates at the glacial sites.
Hence, there may be a general pattern of deeper depth limits
toward more exposed, oceanic Arctic sites. The density and
biomass of kelps and associated fish communities can also be
considerably larger in offshore compared to coastal kelp forests
(Witman and Lamb, 2018).

Kelp depth limits deeper than 61 m offshore in the Disko
Bay area match well the extent of the euphotic zone [roughly
defined as 1% of surface irradiance (SI)] reported to extend to a
maximum of 67 m during summer in this region (Jensen et al.,
1999). Depth limits extending to about 1% SI are in line with
findings for kelps in general (Liining and Dring, 1979; Liining,
1990), with a range of 0.2-4.2% SI and absolute light levels of 10-
559 mol photons year™! at the depth limit (Gattuso et al., 2006,
their Appendix D). Field-determined light requirements at the
depth limit are available for, e.g., Greenland S. latissima (0.7% SI,
40 mol photons m~2 year™!, Borum et al., 2002), Icelandic kelps
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(0.6-1.9% SI, 34-108 mol photons m~2 year™!, Gunnarsson,
1991), Alaskan High Arctic Laminaria solidungula (down to 0.2%
SI; 45 mol photons m~2 year~!, Dunton, 1990) and Laminaria
hyperborea at Helgoland (0.7% SI, 70 mol photons m~2 year™1,
Liining and Dring, 1979). Low Arctic water temperature may be
an advantage and a prerequisite for survival in the long dark
period, as it keeps respiration costs low (Borum et al., 2002).
The low Arctic temperatures could also be expected to facilitate
deep penetration of kelps, but the presence of even deeper kelps
in tropical regions (Graham et al, 2007; Assis et al., 2018)
contradicts this explanation.

The Disko Bay is covered by sea ice in winter, which starts
to break up in May, but as for most of the Arctic, spring sea
ice coverage is decreasing (Sejr et al., 2007). On average, the
bay is ice covered for 77-133 days year™!, which is beyond the
length of the polar night (30-60 days year—!) in this region,
suggesting a potential for more light penetrating to the seafloor
on an annual basis as the open water period expands, given that
water clarity remains high. Less sea-ice and resulting longer open
water periods have been linked with deeper and more productive
kelp forests along the Greenland coast on a spatial scale as well
as over a decadal time series representing open water periods
of varying length (Krause-Jensen et al, 2012). In Antarctica,
similar patterns of colonization by kelp-like species (there are
no Laminarian kelps in Antarctica) have followed the retraction
of glaciers (Quartino et al., 2013; Deregibus et al., 2016). Depth
limits of these Antarctic marine forests [compiled by Kloser et al.
(1993)] with extremes of 90-100 m in Admiralty Bay (Zielinski,
1990) and even deeper in the Ross Sea (Zaneveld, 1966) confirm a
large potential for depth colonization. The overall expectation is,
therefore, that loss of sea ice at the poles will lead to both lateral
and downward expansion and more productive kelp forests
(Clark et al., 2013; Krause-Jensen and Duarte, 2014). Increased
turbidity from melting glaciers may to some extent counteract the
positive effect of melting sea ice on the light climate and lead to
a shoreward shift of the zonation of algae with shallower depth
limits (Bartsch et al., 2016; Hop et al., 2016). Hence, while kelp
forests may overall expand poleward and toward deeper water in
response to melting sea ice, large site-specific differences can be
expected with shallower depth limits near melting glaciers.

The deep penetration of kelps reported here is probably not
a unique phenomenon. Given the limited knowledge on Arctic
seafloor habitats, further explorations may document similar
hidden forests elsewhere in offshore clear waters where hard
substratum is present and sea urchins do not prevail. Deep
kelp penetration highlights the importance of benthic primary
production for Arctic coastal ecosystems. With the extensive
length of the Arctic coastline, exceeding the 407,680 km (34%
of the world’s coastline) affected by the presence of permafrost
(Lantuit et al., 2012), a deep penetration of kelps parallels a
potentially huge area of kelp forest. Benthic primary producers
(microphytobenthos and macroalgae combined) have a high
capacity for low light acclimation, leading to examples of
area-specific production rates of benthic producers exceeding
pelagic production by a factor of two in coastal Greenland
regions (Attard et al., 2016). For a specific fjord system (Young
Sound, NE Greenland) benthic primary production contributed

34% of annual primary production (Glud and Rysgaard, 2007)
and on a circum-Arctic scale, benthic primary production has
been estimated to represent 26% of annual pelagic production
(Attard et al.,, 2016). In addition to the 3D structure of kelp
forests providing habitat and stimulating biodiversity, part
of this primary production enters grazing and detrital food
chains (Wernberg et al, 2019) and part of it is sequestered
in oceanic carbon sinks (Krause-Jensen and Duarte, 2016).
Offshore kelp forests, as reported here, may, due to the exposed
settings, export a larger fraction of their biomass than protected
kelp forests, subsidizing offshore benthic communities, and
supporting carbon sequestration in offshore sedimentary basins.
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