
RESEARCH ARTICLE

Increasing depth distribution of Arctic kelp with
increasing number of open water days with light

Laura Castro de la Guardia1,*, Karen Filbee-Dexter2,3,4, Jillian Reimer1,
Kathleen A. MacGregor3,5, Ignacio Garrido3,6,7, Rakesh K. Singh8, Simon Bélanger8,
Brenda Konar9, Katrin Iken9, Ladd E. Johnson3, Philippe Archambault3,
Mikael K. Sejr10, Janne E. Søreide11, and C. J. Mundy1

Kelps are a dominant macrophyte group and primary producer in Arctic nearshore waters that provide
significant services to the coastal ecosystem. The quantification of these services in the Arctic is
constrained, however, by limited estimates of kelp depth extent, which creates uncertainties in the area
covered by kelp. Here, we test the environmental drivers of the depth extent of Arctic kelp. We used
Southampton Island (SI), Nunavut, Canada, as an example region after an initial survey found deep Arctic
kelp (at depths to at least 50 m) with relatively low grazing pressure within diverse hydrographic conditions.
We found abundant rocky substrata, but no influence of substratum type on kelp cover. The kelp cover
increased with depth until 20 m and then decreased (the median maximum depth for all stations was 37 m).
The best predictor of kelp depth extent was the number of annual open (ice-free) water days with light
(r2 ¼ 44–52%); combining depth extent data from SI with published data from Greenland strengthened this
relationship (r2 ¼ 58–71%). Using these relationships we estimated the maximum kelp-covered area around SI to
be 27;000–28;000 km2, yielding potential primary production between 0:6 and 1:9 Tg Cyr�1. Water transparency
was a key determinant of the underwater light environment and was essential for explaining cross-regional
differences in kelp depth extent in SI and Greenland. Around SI the minimum underwater light required by kelp
was 49 mol photons m�2 yr�1, or 1:4% of annual integrated incident irradiance. Future consideration of seasonal
variation in water transparency can improve these underwater light estimations, while future research
seeking to understand the kelp depth extent relationship with nutrients and ocean dynamics can further
advance estimates of their vertical distribution. Improving our understanding of the drivers of kelp depth
extent can reduce uncertainties around the role of kelp in Arctic marine ecosystems.
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1. Introduction
Kelps are brown macroalgae from the order Laminariales
that can form dense underwater forests in temperate and
polar oceans (e.g., Dayton, 1985; Lüning, 1991; Steneck
et al., 2012; Smale et al., 2013; Krause-Jensen and Duarte,

2016; Filbee-Dexter et al., 2019; Wernberg et al., 2019;
Mora-Soto et al., 2021). Kelp ecosystems offer multiple
benefits to the coastal region that can substantially
increase local marine biodiversity (Teagle et al., 2017;
Wernberg et al., 2019). Kelps are important ecosystem
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engineers; for example, they can modify seawater chemistry
(i.e., reduce acidification), forming microenvironments
that offer sanctuary to a number of canopy-dwelling spe-
cies, including calcifying organisms (Krause-Jensen et al.,
2016; Pfister et al., 2019; Ling et al., 2020; Murie and
Bourdeau, 2020). They also have an important role in
nutrient cycling (Pfister et al., 2019; Murie and Bourdeau,
2020) and can be significant carbon sinks in coastal
waters (Dunton et al., 2013; Krause-Jensen and Duarte,
2016; Murie and Bourdeau, 2020; Fieler et al., 2021).
Erosion, fragmentation, and dislodgement of kelp can
result in carbon exports averaging 82% of annual kelp
productivity in temperate regions (Krumhansl and Schei-
bling, 2012). Additionally, some canopy-forming kelp
species can reduce coastal erosion by dissipating and
absorbing 50 to 80% of the wave energy (Mork, 1996;
Morris et al., 2020).

Kelps are distributed as a function of substrata, nutri-
ents, grazing pressure, temperature, and the underwater
light environment (e.g., Mohr et al., 1957; Lüning, 1991;
Wiencke and Amsler, 2012; Krause-Jensen et al., 2020;
Goldsmit et al., 2021; Filbee-Dexter et al., 2022). Among
these drivers, the underwater light environment is proba-
bly the most significant variable influencing kelp growth
in sea-ice-associated waters (Chapman and Lindley, 1980;
Dunton, 1990; Bonsell and Dunton, 2018; Filbee-Dexter
et al., 2019; Mora-Soto et al., 2021). The underwater light
environment in the Arctic is dependent on sea ice, the
insolation cycle, snow cover, and water transparency (Gat-
tuso et al., 2006; Gattuso et al., 2020; Laliberté et al.,
2021; Singh et al., 2022).

The recent loss of Arctic sea ice associated with climate
change (Kern et al., 2019) has the potential to increase the
amount of light reaching the seafloor (Gattuso et al.,
2020). At the same time, sea ice loss in coastal waters has
been linked with increased coastal erosion, riverine input,
and decreased water transparency to an extent that can-
cels the potential increase or even decreases the underwa-
ter light availability (Bartsch et al., 2016; Bonsell and
Dunton, 2018; Singh et al., 2022). Therefore, the loss of
sea ice is likely to drive a change in the spatial distribution
and depth extent of Arctic kelp (Hop et al., 2016; Goldsmit
et al., 2021). Sea-ice-associated coastal waters that experi-
ence a decrease in underwater light, but also a lessening in
ice scouring in shallow waters, could see a shift in kelp
depth distribution towards shallower waters (Bartsch
et al., 2016; Wiktor et al., 2022). Meanwhile, sea-ice-
associated waters that experience an increase in underwater
light could see a deepening of the kelp forest (Krause-
Jensen et al., 2012; Hop et al., 2016; Filbee-Dexter et al.,
2019; Krause-Jensen et al., 2020). Either scenario could lead
to a possible increase in the overall extent of kelps in the
Arctic, especially considering that Arctic kelps are well
adapted to long periods in the dark and low underwater
light levels, with some kelps having a compensation irradi-
ance as low as 0:1–0:3 mol photons m�2 d�1 (Chapman and
Lindley, 1980; Dunton and Jodwalis, 1988; Henley and Dun-
ton, 1997; Borum et al., 2002).

The lower depth extent of kelps in historical records of
the Eastern Canadian Arctic and sub-Arctic does not

commonly exceed a depth of 25 m (Chapman and Lindley,
1980; Keats et al., 1989; Sharp et al., 2008), with most
kelps in the northern hemisphere having a lower depth
extent between 9 and 32 m (citing the 10 to 90% percen-
tile (Krause-Jensen et al., 2019)). The two deepest records
of kelp in the Arctic are in the Northwest Passage in the
Canadian Arctic at 40 m (Bluhm et al., 2022) and in off-
shore Disko Bay, Greenland, 61 m (Krause-Jensen et al.,
2019). Furthermore, the lower depth extent of kelps along
western Greenland follows the latitudinal gradient and
deepened 10–15 m at the southernmost station, where
there is a high number of open water days with light
(OWL, a proxy for the underwater light environment) and
relatively warm waters (Krause-Jensen et al., 2012). How-
ever, when controlling for the latitudinal gradient and
OWL, other environmental characteristics, such as water
transparency, can become important predictors of kelp
depth extent. Specifically, sites with clearer waters have
deeper kelps in Arctic, temperate and tropical regions
(Spalding et al., 2003; Graham et al., 2007; Krause-
Jensen et al., 2019).

In northern Hudson Bay, Nunavut, Canada, a recent
survey documented the abundance of kelp around South-
ampton Island (SI) (Filbee-Dexter et al., 2022). This survey
presented a unique opportunity to investigate drivers of
kelp depth extent in a physically diverse region with
highly variable sea ice cover and without a strong influ-
ence of latitudinal gradient or grazing pressure. By iden-
tifying the drivers of the depth extent of Arctic kelp in this
region, we aim to help improve the prediction of the total
kelp forest area. This prediction is essential to improve
estimates of the contribution of kelp to blue carbon and
benthic primary production (Dunton et al., 2013; Krause-
Jensen and Duarte, 2016; Filbee-Dexter et al., 2022). Fur-
thermore, we combined our data on kelp depth extent
with existing data from Greenland (Krause-Jensen et al.,
2012; Krause-Jensen et al., 2019) to re-assess the relation-
ship between kelp depth extent and OWL across a larger
spatial scale. We hypothesized that kelp would extend to
greater depths in regions with longer OWL and high water
transparency.

2. Materials and methods
2.1. Study area: General description

Southampton Island is located in northwest Hudson Bay
within Nunavut, Canada, between latitudes 62 and 67�N,
and longitudes 88 and 80�W. The island covers approxi-
mately 52;000 km2 and has 1;400 km of coastline. The
surveys were conducted during the periods of 10–22
August 2018 and 4–29 August 2019 primarily around SI,
but also included the neighbouring Coats Island and the
nearby mainland (Figure 1). Twenty-one locations, sepa-
rated by an average distance of 67 km (range: 10–175
km), were selected to sample transects perpendicular to the
coast (i.e., along the depth gradient), hereafter referred to as
stations. The latitude and longitude for a station was
defined as the average of the positions of all sampling
locations along the transect (Table S1). The goal was to
provide maximum coverage around the island (Figure 1).
However, due to inclement weather conditions in August
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2018, only the southern side of the island was visited, and
three stations (01, 10.1 and CH) were not sampled ade-
quately to be included in the analyses (i.e., maximum
sampled depth was shallower than 20 m or fewer than
three depths were surveyed along a transect).

2.2. Kelp cover, depth extent, and substrata

Kelp cover was estimated using a drop-camera (Black 7
GoPro) secured to a GroupBinc wing attachment and
a 2.3 kg weight following the method of Filbee-Dexter
and Scheibling (2017). Sampling took place from either
a rigid-hull inflatable boat or the main vessel, the R/V
William Kennedy. At each station, the drop-camera was
lowered to the seafloor at 5-m depth intervals, starting
from the 5-m isobath and ending with the 50-m isobath.
The minimum and maximum target depths were set by
logistical constraints: sampling in waters shallower than 5
m was prevented due to the main vessel’s draft, and

sampling in waters deeper than 50 m was prevented by
the camera housing pressure limitation. The relatively
small semidiurnal tidal range in the region of approxi-
mately 1–2 m (Prinsenberg and Freeman, 1986; Saucier
et al., 2004; Luneva et al., 2015; Tideschart, 2022) allowed
us to use uncorrected depth measurements for this study.

The drop-camera was lowered to the bottom and then
held between 1 and 2 m above the seafloor, recording
a video for 1–3 min while drifting with the boat or vessel.
Still frames were randomly extracted from the videos, and
a single frame was selected based on best observed image
quality. The field of view of the camera (frame size) was at
least 1 m2. The full image was analyzed to determine kelp
percent cover, dominant kelp assemblage (high-canopy or
low-canopy), and substratum type (rocky, sandy or mixed).
The percentage kelp cover was estimated as a function of
the percentage of the image covered by kelp (0–100%),
thus the exact size of the image was not critical. To

Figure 1. Regional bathymetry of the study area and survey stations in 2018 (triangles) and 2019 (circles).
Inset map on the top right shows the location of study area (red dot) in northern Hudson Bay. Survey stations were
located along the coasts of Southampton Island (SI), Coats Island (Coats I.) and Roes Welcome Sound (RWS).
Bathymetry data (color–scale bar) were derived from global relief gridded data ETOP1 (Amante and Eakins, 2009;
NOAA, 2009).
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estimate the percentage kelp cover we used a combination
of the software ImageJ (Schindelin et al., 2012) and visual
verification, which helped to avoid the inclusion of
detached kelps and non-kelp species of algae. Canopy
height classification of high-canopy reflected the domi-
nance of large adult high-canopy-forming kelp species
extending vertically off the seafloor (specifically, Sacchar-
ina latissima with hollow buoyant stipes and mixed Alaria
esculenta and Laminaria solidungula); low-canopy classifi-
cation was used when there was no visible upright stipe
(typically Agarum clathratum and sparse, small stands of
low-lying kelp juveniles or small adults). Rocky substratum
was composed of mostly rocks and/or pebbles, whereas
sandy substratum included mostly sand. Mixed substra-
tum was composed of sand, rocks and pebbles in different
proportions. We assumed that the observable substratum
in any given image frame was representative of the entire
image, even on images where less than 10% of the sea-
floor was visible due to high kelp cover. This assumption is
consistent with diver observations of the substrata under
the canopy at nearby sites (Filbee-Dexter et al., 2022).
Example images of these classifications can be seen in
Figure S1).

The depth extent of kelp at each station (Table S2) was
defined for the deepest occurrence of each of the four
targeted percentage kelp covers (i.e., 80, 50, 10 and 1%
kelp cover), following Krause-Jensen et al. (2012) but using
linear interpolation between neighbouring 5-m depth
intervals to reach the exact percentage cover. When the
maximum percentage kelp cover at a station was smaller
than the targeted percentage, or when the percentage
kelp cover at the deepest survey depth was larger than
the targeted percentage, we were not able to identify the
depth extent associated with the targeted percentage kelp
cover. These stations were subsequently excluded from the
depth extent analysis for the target percentage kelp cover.
Table S2 lists the stations that were included in the depth
extent analysis for each percentage kelp cover (N = 11, 13,
12 and 9 stations for the 1, 10, 50 and 80% kelp cover,
respectively).

2.3. Characterization of the coastal environment

August upper water column temperature and salinity data
were taken from the World Ocean Atlas database (WOA18)
(Locarnini et al., 2018; Zweng et al., 2018). The most
recent climatology period (2005–2017) available on the
site was selected and used to describe the average regional
conditions. In situ vertical profiles of temperature,
salinity, photosynthetically available radiation (PAR), and
chlorophyll-a fluorescence were measured using a conduc-
tivity, temperature, and depth profiler (CTD, Seabird
19plus) with Biospherical scalar PAR and Seabird ECOtri-
plet fluorometer sensors (Mundy, 2017). These profiles
were taken in August 2018 and 2019 at the same time
as the kelp cover estimates. The CTD was lowered using
the ship’s winch. Usually, only one CTD profile was taken
per station, but when more than one CTD profile was
available, we selected the deepest profile with the least
amount of noise. From these profiles we extracted the
averaged upper water column temperature (T0�30m) and

salinity (S0�30m). We defined the euphotic depth (Zeu) as in
Ryther (1956) and calculated the downwelling diffused
light attenuation coefficient for PAR (κdPAR) within the
euphotic zone using the method of Weiskerger et al.
(2018) with modifications described in the following sub-
section. We also estimated water stratification as the max-
imum value of the Brunt-Väisälä frequency (N 2) within the
upper water column, the depth of the chlorophyll-
a maximum (Zchl ), and the depth-integrated chlorophyll-
a concentration (iChl) within the euphotic zone or top 30
m when Zeu was greater than the water depth. Additionally,
for the depth extent analysis, we also obtained the CTD
temperature and salinity at the depth extent of 80, 50,
10 and 1% kelp cover (Tz and Sz; Table S2).We defined the
upper water column in the depth range of 1.5–30 m, based
on the median depth (29 m) at which kelps were observed
around SI; the upper limit (1.5 m) was chosen to ensure
a full submersion of the sensors.

2.4. Calculating Zeu and κdPAR from the vertical

profile of PAR

We followed the iterative method of Weiskerger et al.
(2018) to estimate κdPAR and Zeu from the vertical profiles
of PAR. First, we estimated PAR just below the ocean sur-
face, PAR0� using the upper part of the PAR profile
(depth: 1.5 to 10 m). PAR0� was estimated as the intercept
of the linear least-squares-regression fitting of the natural
logarithm (ln) transformed PAR versus depth, z. Second,
we standardized the PAR profile as follows: standard
PARz ¼ 100� PARz=PAR0�. Third, we estimated Zeu using
the standardized PAR profile as the depth closest to standard
PARz ¼ 1% (Ryther, 1956). Finally, PARz values beyond the
Zeu were removed, and κdPAR was estimated using the Beer-
Lambert Law (lnðPARzÞ ¼ lnðPAR0�Þ � κdPAR � z). This
methodology creates a dependency of κdPAR on the euphotic
depth, thus resulting in a negative correlation between
Zeu and κdPAR (Spearman Rank correlation: r ¼ � 0:99,
p < 0:05).

2.5. Defining open water days with light (OWL)

OWL was defined following Krause-Jensen et al. (2012) as
the number of ice-free days with daylight, whereby ice-free
days were defined as days with sea ice concentration
below 15%, and days with daylight were defined as days
outside of the astronomical dark period. Here, we adjusted
the definition of “days with daylight” to “days with surface
PAR greater than 10 mol photons m�2 d�1.” This threshold
was chosen because it leads to a first-order estimation of
transmitted PAR of 0:21 mol photons m�2 d�1 at 29 m, the
median depth at which kelps were observed around SI.
The value of 0:21 mol photons m�2 d�1 approximates the
mean compensation irradiance for Laminaria solidungula
and Saccharina latissima, two of the most common kelp
species in the region (Filbee-Dexter et al., 2022). For L.
solidungula the estimated compensation irradiance ranges
between 0:13 and 0:26 mol photons m�2 d�1 (Chapman
and Lindley, 1980; Dunton and Jodwalis, 1988; Henley and
Dunton, 1997), and for S. latissima it ranges between 0:17
and 0:4 mol photons m�2 d�1 (King and Schramm, 1976;
Borum et al., 2002).
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Ice-free days were selected using a 10-day running
mean of daily ice concentration to smooth out data noise
(Krause-Jensen et al., 2012). For stations around SI, we
used 2017–2019 sea-ice data derived using the Advanced
Microwave Scanning Radiometer 2 (AMSR2) on the NASA
Aqua Satellite with a daily temporal resolution and 6.25
km2 spatial resolution (Spreen et al., 2008). For stations
around Greenland, we used sea-ice data from 2007–2009,
which corresponded to the timing of the survey there
(Krause-Jensen et al., 2012; Krause-Jensen et al., 2019).
Data were derived from bootstrap version 3 algorithm
(Comiso, 2017) with daily temporal resolution and 25-
km2 spatial resolution (as the higher resolution AMSR2
data are not available before 2012). Both sea ice concen-
tration datasets have a negative bias of about 20% during
the period of low sea ice concentration relative to ship-
based observations (Spreen et al., 2008; Kern et al., 2019),
implying a potential overestimation in the number of ice-
free days around Greenland and SI.

2.6. Estimating surface and underwater PAR from

a shortwave radiation model

We estimated daily PAR (mol photons m�2 d�1) just above
the ocean or sea ice surface (PAR0þ) from the integration
of hourly (h) total shortwave radiation (SW in W m�2) in
the 400–700 nm spectral band (Equation 1). Hourly SW
radiation was obtained from the Canadian Meteorological
Centers Global Deterministic Prediction System with a 25
km2 spatial resolution (Smith et al., 2014). This atmo-
spheric reanalysis forecast model includes cloud cover.

PAR0þ ¼
X

h

SW � 0:46 � 4:57 � 3600 ð1Þ

In this equation, PAR0þ is parameterized as SW � 0:46
(Kvifte et al., 1983). The units are then converted from
W m�2 to μ mol photons m�2 s�1 by multiplying by a con-
version factor of 4:57 (Sager and McFarlane, 1997) and then
converting from seconds to hours by multiplying by 3; 600 s.
Hourly values were then integrated over one day. A 10-day
runningmeanwas applied to the daily PARdata before select-
ing days with light (PAR0þ > 10 mol photons m�2 d�1).
We then estimated annual surface light, iPAR0þ, which is
defined as the OWL-integrated PAR0þ.

We estimated annual underwater light at the kelp
depth extent (iPARz) at all stations using iPAR0þ and
measured κdPAR. We first parameterized the light just
below the ocean surface iPAR0� from iPAR0þ assuming
a mean loss of light at the air-sea interface of 8%:
iPAR0� ¼ 0:92� iPAR0þ (Bélanger et al., 2013). The 8%
represents the average loss of light (range of 6 to 10%) by
scattering and reflection as it crosses the air-ocean inter-
face at high latitudes (Morel, 1991). We then used the
Beer-Lambert Law, but replaced PAR0þ by PAR0� follow-
ing the work of Bélanger et al. (2013) and Singh et al.
(2022). We did not have the data to account for seasonal
changes in water transparency; thus, κdPAR was assumed to
be constant. Seasonal changes in water transparency, how-
ever, may result from phytoplankton blooms or increases
in turbidity due to runoff and/or storm-driven resuspen-
sion (Lund-Hansen et al., 1997; Aumack et al., 2007; Hop

et al., 2016; Bonsell and Dunton, 2018), with runoff being
very small around SI.

2.7. Kelp depth extent data fromwestern Greenland

and offshore Disko Bay

Kelp depth extent data from western Greenland and off-
shore Disko Bay were obtained from published work
(Krause-Jensen et al., 2012; Krause-Jensen et al., 2019). The
western Greenland data were derived from eight stations
across a large latitudinal range, from Nuuk at 64.1�N to
Siorapaluk at 78.0�N (Table S3). Offshore Disko Bay data
were obtained from four stations of similar latitudes (Rif-
kol at 68.0�N, Kronprinsens Ejland at 69.0�N, Hunde
Ejland at 68.9�N and Hareøen at 70.4�N), and these sta-
tions had three depth transects each (Table S3). Disko Bay
depth extent data were only available for 1% kelp cover.
Similar to the present study, kelp depth extent data along
western Greenland and Disko Bay were acquired using
video transects running perpendicular to the shore and
extending from nearshore to the deepest occurrence of
standing kelp (Krause-Jensen et al., 2012; Krause-Jensen
et al., 2019). The kelp species observed in western Green-
land and Disko Bay were similar to those around SI. For
the depth extent analysis, we averaged offshore Disko Bay
data across station-based transects to have one value per
station. The geographic locations of the stations were used
to recalculate the OWL and estimate iPAR0þ, which were
then used along with κdPAR to estimate iPARz. We did not
estimate iPARz at stations where κdPAR was not available.

2.8. Statistical analysis

All analyses were performed in Matlab vR2020b using
numerical resources from Compute Canada on the Gra-
ham supercomputer. Normality of the data was assessed
with the Kolmogorov-Smirnov test. We used a non-
parametric test, Kruskal-Wallis H test (H-test), to assess
differences between group medians. The H-test is reported
using the level of significance (p) and Chi-squared (χ2)
value with the groups and error degrees of freedom (df )
separated by a comma as subscripts (i.e., χ2

df 1;df 2).
We used the Spearman Rank partial correlation to

determine the degree of association between variables
considered (T , S, Zchl , N 2, iChl , OWL, κdPAR). Only vari-
ables that were not significantly correlated were included
in the stepwise multiple linear regression analysis, which
was used to identify the most important variable(s) driving
the kelp depth extent around SI. The stepwise model iter-
atively includes or excludes predictors based on the model’s
adjusted r2 improving by at least 0:1 while maintaining
a model significance of p � 0:05. Best models are signif-
icant (p � 0:05) and have high values of adjusted r2.

We used a general linear F-test to evaluate if the kelp
depth extent versus OWL relationships were similar in
different regions. We report the linear F-test results with
the F-statistic (F �), and its F-critical value (F c

df 1;df 2;p) with
degrees of freedom and p shown as subscript. A similar
relationship among regions (i.e., non-significant F-test)
would allow us to combine all the multi-regional data for
a more robust kelp depth extent versus OWL relationship.
We measured the predictive potential of OWL on the kelp
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depth extent data using a least-squared linear regression
and report the regression results with the r2, level of sig-
nificance (p), and the equation. Outliers were defined
using the interquartile range, and excluded from the
analysis.

Some of the analysis required using data from the
gridded products at each station (i.e., sea ice, PAR,WOA18,
and OWL). We used the value from the nearest grid cell to
the location of the station. When the resolution of the
gridded product was too coarse, such that a station was
located on a grid cell containing land, the nearest water
point was selected instead.

3. Results
3.1. Southampton Island hydrography and OWL days

August T0�30m and S0�30m climatology maps show the
relative diversity of the coastal environments around SI
(Figure 2a and b). In terms of the temperature distribu-
tion (Figure 2a), we identified two coastal regions, a cold
region along the northeast coast facing Foxe Basin (T �
0�C) and a relatively warmer region along Roes Welcome
Sound and the southern coast (T � 3�C). In terms of the
salinity distribution (Figure 2b), we identified three
coastal regions, a low salinity region along the southeast
coast facing Coats Island (S � 31), a high salinity (S > 32)
region along the northwest coast within Roes Welcome
Sound, and a region with mixed salinity signature lying
between the high and low salinity coastal regions to the
northeast and southwest of SI. The spatial variability in the
length of OWL generally followed the sea surface temper-
ature pattern (Figure 2c), with the shortest OWL
(<100 d yr�1) along the northeast coast where the sea
temperature was lower. However, pockets of long OWL
(>120 d yr�1) were found in polynya regions along the
northwest and southern coasts.

Median temperature (T0�30m) and salinity (S0�30m) sam-
pled in situ was 2.7�C (mean ± standard error (SE) = 2.8 ±
0.4�C, N = 21) and 31.5 (31.2 ± 0.2, N = 21), respectively.
These measured values did not differ significantly from
the station climatology T0�30m (H-test χ2

1;40 ¼ 0:2;
p ¼ 0:7) and S0�30m (χ2

1;40 ¼ 1:2; p ¼ 0:3), allowing us to
conclude that measurements in 2018 and 2019 were rep-
resentative of an average year. Co-variability between OWL,
in situ T0�30m and S0�30m, and additional variables mea-
sured during our sampling (N 2, κdPAR, Zchl , iChl) was tested
using a Spearman rank correlation (Table S4). We found co-
variability between iChl and three variables, T0�30m

(r ¼ �0:62; p ¼ 0:03), κdPAR (r ¼ �0:64; p ¼ 0:02), and
OWL (r ¼ �0:68; p ¼ 0:02), and between Zchl and OWL
(r ¼ �0:60; p ¼ 0:04).

3.2. Kelp ecosystem characteristics

Kelps around SI extended over the full range of depths
sampled (5–50 m). The percentage kelp cover was highly
variable between 5 and 30 m, but in general it increased
with depth up to approximately 30 m and then
decreased (Figure S2). Sea urchins and other prominent
grazers, which could influence kelp depth distribution
independently of the physical environment, were
uncommon at all stations. The green sea urchins

(Strongylocentrotus droebachiensis), a main grazer of kelp
in the North Atlantic, were observed in drop camera
images in 2018 at one station close to Coral Harbour,
Nunavut (red star in Figure 2a). The drop camera cap-
tured one green sea urchin at 10 m and over 20 green sea
urchins at 20 m. This station, however, was excluded
from our analyses due to the low image quality and low
visibility below 20 m. The green sea urchins were not
observed in images or by divers in 2019 (Filbee-Dexter
et al., 2022).

The kelp assemblages were composed primarily of
perennial species, with the high canopy dominated by
Saccharina latissima, Alaria esculenta, Laminaria solidun-
gula and the low canopy dominated by Agarum clathra-
tum and kelp juveniles or small adults. The kelp S.
latissima extended highest into the water column due to
its hollow, buoyant stipe (average stipe length of 1.5 m K.
Filbee-Dexter, unpublished data), and often formed mixed
stands with A. esculenta and L. solidungula (Filbee-Dexter
et al., 2022). Sampling depths where the high-canopy
kelp dominated had higher percentage kelp cover
(median = 73%) than depths where the low-canopy kelp
dominated (median =39%; H-test χ2

1;71 ¼ 14:6; p < 0:05;
Figure 3a). The median depth of images where the dom-
inant kelp assemblage was high-canopy was shallower
than the median depth of images where the dominant
kelp assemblage was low-canopy (although marginally
not significant; H-test χ2

1;70 ¼ 3:5; p ¼ 0:058). High-
canopy kelps were not observed in images taken in
waters deeper than 38 m while the maximum depth of
images with only low-canopy kelps extended to almost
50 m (Figure 3b).

Rocky substrata were more abundant than sandy and
mixed substrata. From the total of 117 drop-camera
images, 71 had rocky substrata, 20 had sandy substrata,
19 had mixed substrata, and 7 images had undetermined
substrata because high kelp cover masked the seafloor.
The substratum type did not influence the percentage of
kelp cover (H-test χ2

2;64 ¼ 0:7; p ¼ 0:7; Figure 3c), but it
did influence kelp canopy height (H-test χ2

2;62 ¼ 8:4;
p ¼ 0:01). Specifically, mixed substrata were more likely
to host low-canopy kelps relative to rocky (H-test
χ2

1;54 ¼ 8:2; p < 0:05) and sandy (H-test χ2
1;15 ¼ 4:8;

p ¼ 0:03) substrata. Mixed substrata were also observed
in significantly deeper waters (median depth = 32 m)
relative to rocky (median depth = 24 m; H-test
χ2

1;88 ¼ 6:6; p ¼ 0:01) and sandy (median depth = 22 m;
H-test χ2

1;37 ¼ 6:3, p ¼ 0:01) substrata (Figure 3d).
A similar analysis as the one presented in Figure 3 was

performed considering only images at the depth extent of
each targeted percentage of kelp cover (i.e., 80, 50, 10 and
1%) at each station. This analysis revealed no significant
difference in regards to canopy height or substratum type
at the depth extent (Figure S3). However, at the depth
extent of the 80% kelp cover the number of stations with
high-canopy kelps (N = 6) outnumbered stations with low-
canopy kelps (N = 2; Figure S3g), and stations with rocky
substrata (N = 7) outnumbered stations with sandy sub-
strata (N = 1; Figure S3h).
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3.3. OWL as the driver of kelp depth extent

We evaluated the drivers of the depth extent of kelp using
stepwise linear regression with five explanatory variables

(Tz, Sz, N 2, OWL, κdPAR; Tables S1–S2). Other variables
measured during our survey (iChl , Zchl ) were not included
in this analysis because they correlated with either OWL or

Figure 2. Hydrographic variation around Southampton Island. August climatology (2005–2017) of (a) surface
temperature (T0�30m) and (b) salinity (S0�30m) from the World Ocean Atlas database (WOA18) (Locarnini et al., 2018;
Zweng et al., 2018). (c) Averaged (2017–2019) annual number of open water days with light (OWL). Maps are overlaid
with the approximate location of kelp survey stations. Contour lines are the 50-m (dashed) and 100-m (solid) isobaths.
Acronyms for oceanic regions are shown in (a) Foxe Basin (FB), Hudson Bay (HB), Roes Welcome Sound (RSW) and
Coats Island (CI). Red star in (a) marks the only station where sea urchins (Strongylocentrotus droebachiensis) were
observed.
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κdPAR (Table S4). The four linear regression models were
significant (p � 0:05) and had a relatively high adjusted
r2 � 0:44. From the five explanatory variables only OWL

was selected by the stepwise regression model. Subse-
quently, simple linear regression was used to show that
OWL explained between 44 and 52% of the variability in
the kelp depth extent (Table 1).

For a more general assessment of the relationship of
kelp depth extent and OWL over a wider spatial scale we
combined our kelp depth extent data from SI with pub-
lished data from western Greenland and Disko Bay
(Krause-Jensen et al., 2012; Krause-Jensen et al., 2019).
Most of the Greenland data followed the same general
pattern of larger OWL leading to deeper kelp; however,
two stations in western Greenland, Nuuk-1 and Itelleq, did
not follow the same trend (circled red in Figure 4). These
two stations had the largest OWL but a relatively shallow
kelp depth extent. Using a robust linear fit, we found that
the two stations had the largest residuals. Furthermore,
the OWL length at Nuuk-1 and Itelleq were outliers of the
combined data. For these reasons, we excluded these two
stations from the general linear F-test and kelp depth
extent analysis presented below.

Figure 3. Percentage kelp cover and depth of kelp forests around Southampton Island. Data are grouped
according to the dominant kelp assemblage (a and b) and substratum type (c and d). A non-parametric Kruskal-
Wallis H-test was used to assess significant difference between groups (groups are significantly different if p � 0:05).
Statistics presented in boxplot are the 25th and 75th percentiles as bottom and top edges of the box, respectively, the
minimum and maximum as the whiskers, the median as central line, and the mean indicated by the star. The numbers
in parentheses are the number of images included in each group.

Table 1. Simple linear regression models predicting
kelp depth extent from open water days with light
(OWL), with coefficient of determination (r2) and
level of significance (p)

Equation r2 p

depth extent of 1%
kelp cover

¼ 6:2þ 0:3� OWL 0.44 0.025

depth extent of 10%
kelp cover

¼ 3:5þ 0:3� OWL 0.50 0.007

depth extent of 50%
kelp cover

¼ �5:8þ 0:4� OWL 0.52 0.008

depth extent of 80%
kelp cover

¼ �4:3þ 0:3� OWL 0.44 0.050
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A general linear F-test analysis was performed to deter-
mine whether to accept (F� < F c ; i.e., not significant) the
reduced model that combines data from SI, western Green-
land, and Disko Bay on a single kelp depth extent versus
OWL relationship, or to reject (F� > F c , i.e., significant) the
reduced model in favour of the larger model with indepen-
dent relationships. The results of the general linear F-test
for the relationships of 1% kelp cover depth extent versus
OWL were not significant, suggesting that we can accept
the reduced model (F � ¼ 1:14; F c

19;15;0:05 ¼ 2:34) and com-
bine Disko Bay, western Greenland, and SI datasets
(Figure 4a). Similarly, the reduced model was accepted
on the relationships of kelp depth extent versus OWL for
10% (F � ¼ 0:37; F c

17;15;0:05 ¼ 2:37) and 50% (F� ¼ 2:00;
F16;14;0:05 ¼ 2:45) kelp covers (Figure 4b and c), implying
that the regional datasets could be combined in a single
relationship. Least squares linear regression between kelp
depth extent and OWL for the combined dataset explained
58, 71, and 63% of the variability for the 1, 10, and 50%
kelp cover depth extent, respectively (Figure 4a–c). These
r2 coefficients (range of 0.58–0.71) were larger than con-
sidering SI data alone (range of 0.44–0.52; Table 1).

Using the relationships of OWL versus depth extent
presented in Table 1, we estimated the potential
present-day kelp habitat around SI, assuming suitable sub-
strata present (Figure 5). The maximum total area (with at
least 1% kelp cover) was estimated at approximately
28;000 km2, and the total area with at least 10, 50 and
80% kelp cover was estimated at approximately 27;000,
25;000 and 20;000 km2, respectively. The same can be
done using the relationship from Figure 4, which would
yield only a slightly smaller total area estimate of approx-
imately 27;000, 28;000 and 19;000 km2 with at least 1, 10
and 50% kelp cover, respectively.

3.4. Cross-regional comparison of depth extent and

underwater light environment

Comparing the kelp depth extent of categories of percent-
age kelp cover highlighted relationships of increasing

percentage kelp cover with decreasing depth (linear regres-
sion: r2 ¼ 0:95; p ¼ 0:03; Figure 6a) and increasing PAR
(linear regression: r2 ¼ 0:93; p ¼ 0:04; Figure 6b). Around
SI, the median depth extent of the 80% kelp cover category
was 25 m (mean ± SE¼ 23 ± 3 m, N ¼ 9), receiving mean
annual light of iPARz ¼ 234 ± 90 mol photons m2 yr�1,
N ¼ 8 (approximately 8% of iPAR0þ; Table S2). At the deep
end, the median depth extent of the 1% kelp cover was
40 m (37 ± 4 m, N ¼ 11), receiving a mean iPARz of
49 ± 32 mol photons m2 yr�1, N ¼ 8 (approximately 1:4%
of iPAR0þ; Table S2). The latter also defines the minimum
underwater light required by kelp around SI. Around SI, the 1
and 10% kelp cover did not differ in depth extent (combined
mean 37 ± 2 m, N ¼ 24; H-test: χ2

1;16 ¼ 0:2; p ¼ 0:7) or
iPARz (combined mean 49 ± 20 mol photons m2 yr�1,
N ¼ 18; H-test: χ2

1;16 ¼ 0:5; p ¼ 0:5); however, in the follow-
ing analysis the 1 and 10% kelp cover were separated inorder
to compare to western Greenland and offshore Disko Bay
datasets.

The depth extent of the 1% kelp cover along western
Greenland coast, offshore Disko Bay and around SI was
similar (H-test: χ2

2;15 ¼ 4:72; p ¼ 0:09) with a combined
mean of 36 ± 3 m, N ¼ 21. The iPARz at the maximum
depth extent of the 1% kelp cover of stations along western
Greenlandwas also similar toSI (H-test:χ2

1;11 ¼ 0:2; p ¼ 0:6)
with a combined mean of 39 ± 20 mol photons m�2 yr�1,
N ¼ 14. The depth extent of the 10 and 50% kelp cover was
significantly deeper around SI relative to western Greenland
(H-test: χ2

1;17 ¼ 6:8; p < 0:05, for the 10%; H-test:
χ2

1;16 ¼ 6:0; p < 0:05, for the 50%; Figure 6a). The median
depth extent of the 10% kelp cover was 40 m (37 ± 3 m,
N ¼ 13) around SI and 22 m (21 ± 3 m, N ¼ 6) along west-
ern Greenland. The median depth extent of the 50% kelp
cover around SI was 36 m (32 ± 4 m, N ¼ 12) and along
western Greenland it was 14 m (14 ± 2 m, N ¼ 6). Despite
the deeper depth extent of kelp around SI, iPARz at the
depth extent of the 10 and the 50% kelp cover did not differ
between the two regions (H-test: χ2

1;13 ¼ 0:5; p ¼ 0:5, for
the 10%; and H-test: χ2

1;11 ¼ 1:1; p ¼ 0:3 for 50%). The

Figure 4. Kelp depth extent as a function of open water days with light (OWL). Relationships between the depth
of (a) 1%, (b) 10%, and (c) 50% kelp cover and OWL for data from Southampton Island (light grey circles), western
Greenland (dark grey triangles) and offshore Disko Bay (white squares). Each point represents one station; Disco Bay
depth extent data are only available for the 1% kelp cover in (a). The black line in (a)–(c) is the linear regression
excluding outliers (stations circled in red).
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mean iPARz at the depth extent of the 10% kelp cover for
the two regions combined (western Greenland and SI) was
53 ± 22 mol photons m�2 yr�1, N ¼ 15, and at the maxi-
mum depth extent of the 50% kelp cover was
124 ± 40 mol photons m�2 yr�1, N ¼ 13. The two regions
also had similar length of OWL (H-test: χ2

1;30 ¼ 1:1; p ¼ 0:3)
and similar OWL-integrated surface PAR (H-test:
χ2

1;30 ¼ 2:1; p ¼ 0:1). However, water turbidity, κdPAR, was
significantly lower around SI (H-test: χ2

1;17 ¼ 6:9; p < 0:05).
The median κdPAR around SI was 0:13 m�1 (mean ± SE ¼
0:13 ± 0:01 m�1, N ¼ 15) and along western Greenland it
was 0:18 m�1 (0:17 ± 0:01 m�1, N ¼ 5; Krause-Jensen
et al., 2012).

4. Discussion
Emerging evidence shows that Arctic kelp ecosystems can
be abundant and widely distributed; however, the uncer-
tainties in estimating the depth extent are a key constraint
to quantifying their total extent and therefore estimating
the ecosystem functions and benefits they provide (e.g.,
Hop et al., 2016; Krause-Jensen et al., 2019; Goldsmit

et al., 2021; Filbee-Dexter et al., 2022). Our depth extent
analysis reveals that kelps can extend beyond 40 m in
some parts of SI, supporting the generality of recent stud-
ies showing kelp ecosystems extending below 30 m from
Arctic to equatorial regions (Spalding et al., 2003; Graham
et al., 2007; Hop et al., 2016; Krause-Jensen et al., 2019).

The kelp species composition around SI was typical of
ice-covered waters in the western Arctic and Subarctic,
dominated by the perennial high-canopy species Sacchar-
ina latissima, Alaria esculenta, Laminaria solidungula, and
the low-canopy species Agarum clathratum (e.g., Chapman
and Lindley, 1980; Dunton and Jodwalis, 1988; Borum
et al., 2002; Spurkland and Iken, 2011a; Filbee-Dexter
et al., 2019; Bonsell and Dunton, 2021; Filbee-Dexter
et al., 2022). Kelps followed a gradient of increasing cover
moving offshore to around 20 m, which is consistent with
zonation patterns from other Arctic coastlines where sea
ice scours the seafloor in the nearshore zone supporting
little to no macroalgae (Chapman and Lindley, 1980;
Borum et al., 2002; Sharp et al., 2008; Filbee-Dexter
et al., 2022). Furthermore, landfast ice cover has been

Figure 5. Estimates of present-day kelp depth extent around Southampton Island. Estimates were made using
the relationships between depth extent and open water days with light (OWL) in Table 1. Green indicates the area
estimated to have kelp forest with at least (a) 1% kelp cover, (b) 10% kelp cover, (c) 50% kelp cover and (d) 80% kelp
cover. The number on the bottom left of each panel is the total area covered by kelp. Contour lines are the 50 m
(dashed) and 100 m (solid) isobaths. The estimation was only done within the area encircled by the solid thick black
line in (a).
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observed to cover the nearshore environment of Hudson
Bay, including around polynyas (Gupta et al., 2022). There-
fore, landfast ice could have probably influenced OWL
locally in the nearshore environment but was not resolved
with our methods. The high-canopy kelps formed a higher
percentage kelp cover and were more frequently found in
shallow waters relative to areas where the low-canopy kelp
species dominated. Although we did not regularly survey
waters shallower than 5 m, occasional drop camera images
between 1.5 and 3 m suggest that the rockweed Fucus sp.
was the dominant macroalgal taxon in the lower littoral
zone, with very little kelp observed.

The substratum type did not limit the kelp cover around
SI, but it did influence the canopy height, with mixed sub-
stratum hosting more low-canopy kelp. The lack of relation
between kelp cover and substratum mirrors findings in
other parts of the Canadian Arctic for species like Sacchar-
ina latissima, Alaria esculenta, and Laminaria solidungula
(Filbee-Dexter et al., 2022). Scuba diving confirmed that
these species did not require extensive hard substrata to
form high percentage kelp cover or biomass, with gravel or
scattered cobbles on sediment being sufficient for kelps to
attach. Similarly, there are observations in Kongsfjorden,

Svalbard, of kelp growing on primarily sandy substratum
(Hop et al., 2016). Around SI, rocky substrata were the most
abundant substratum type, including in shallower waters,
which contrasts with observations elsewhere in the west-
ern Arctic where sandy substrata can dominate shallow
coastal regions (Dunton et al., 1982; Filbee-Dexter et al.,
2022). The high abundance of rocky substrata around SI
could be due to the prevailing intermediate-to-fast ocean
currents (Video S1; Saucier et al., 2004), which are known
to erode smaller-sized sediments (e.g., Pisareva et al.,
2015). This high abundance of rocks and pebbles could
be the reason for the absence of a relationship between
substratum type and kelp cover around SI. Our results
cannot confirm or refute previous findings of substratum
limitation on the early stages of kelp, considering that
sandy and mixed substrata are less ideal for gametophyte
development and known to slow kelp recruitment and
colonization (Spurkland and Iken, 2011a; Konar, 2013;
Desmond et al., 2015; Traiger and Konar, 2017; Huovinen
et al., 2020; Bonsell and Dunton, 2021).

The OWL was the best predictor of the kelp depth extent
around SI, supporting previous findings of the dominant
role of sea-ice-mediated light-limited environment in

Figure 6. Relationships between the depth extent and underwater light environment of Arctic kelp forests. (a)
Average maximum depth extent of the four target percentage kelp covers and (b) underwater light environment at
this depth for kelp forests around Southampton Island (light grey), along western Greenland (dark grey) and offshore
Disko Bay (white). Significant differences between regions were found for the depth of the 10 and 50% kelp cover.
Numbers beside the symbols are the combined mean or the region-specific mean value for depth extent where
significantly different. The 80% kelp cover data were only available for Southampton Island. Disko Bay data were only
available for the depth extent of the 1% kelp cover, but κdPAR was not available to estimate iPARz. Note that the y-axis
is non-linear.
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determining Arctic kelp depth extent in Greenland (Krause-
Jensen et al., 2012) and kelp spatial distribution throughout
the Eastern Canadian Arctic (Goldsmit et al., 2021; Filbee-
Dexter et al., 2022). The relationship between kelp depth
extent versus OWL was stronger when combining datasets
from SI, western Greenland and Disko Bay. The combined
data also highlighted that the more southerly kelp observa-
tions along western Greenland (stations Nuuk-1 and Itel-
leq), with the longest OWL but relatively shallow kelp depth
extent, could be outliers to this relationship. Such outliers
could relate to species-specific adaptations to deeper
waters; for instance, these two stations were the only ones
in the dataset without Saccharina latissima (Krause-Jensen
et al., 2012).

The lack of relationship between kelp depth extent
and water temperature (at the depth extent) could be
influenced by the small variability in temperature
between stations and the relatively cold environment
(from �0:6 to 4�C). This result agrees with recent obser-
vations in the Eastern Canadian Arctic that suggest that
kelp distribution is driven by sea ice rather than temper-
ature (Filbee-Dexter et al., 2022). We note that, while
experimental and field studies have linked warmer
waters with enhanced kelp physiology (e.g., Fredersdorf
et al., 2009; Iñiguez et al., 2016; Zacher et al., 2019; Li
et al., 2020) and deeper kelp depth extent (Krause-Jensen
et al., 2012), these studies have considered warmer
waters and larger temperature ranges with maximum
temperature exceeding 5�C, the upper temperature mar-
gin for suboptimal kelp growth (Wernberg et al., 2019).
Ocean temperature may become more important in the
regional kelp depth distribution in the future, with pre-
dicted ocean warming of 1 to 3�C in spring and summer
in Hudson Bay (Joly et al., 2011; Bello and Higuchi,
2019). Some kelp species, like Saccharina latissima, to
which SI is the northern limit of the species’ range, may
respond positively to regional increases in ocean temper-
ature (Joly et al., 2011; Bello and Higuchi, 2019; Diehl
et al., 2021), but obligated Arctic species like Laminaria
solidungula may suffer disproportionate negative
impacts even with moderate increases in temperature,
as SI is on the southern limit of this species’ range
(Goldsmit et al., 2021).

Kelps are an essential energy input into the coastal
marine food web (Duggins et al., 1989; Krumhansl and
Scheibling, 2012). The simple, but significant, linear rela-
tionship between depth extent and OWL is key to map-
ping kelp cover and improving estimates of regional kelp
net primary production. The potential area with at least
1% kelp covered around SI (approximately 27;000–
28;000 km2) along with local measurements of net pri-
mary production by Saccharina latissima and Laminaria
solidungula at 15 m, 23:1–67:8 g C m�2 yr�1 (table S4 in
Filbee-Dexter et al., 2022), results in a regional estimate of
kelp net primary production between 0:6 and
1:9 TgC yr�1. If considering the potential area with at
least 50% kelp covered around SI (approximately
19;000–25;000 km2) the net primary production estimate
would be between 0:4 and 1:7 TgC yr�1. These estimates
should be seen as maxima, as they assumed that kelp
production applied through the full depth range.

Another important variable for mapping the potential
kelp depth distribution is the minimum underwater light
required by kelp (Graham et al., 2007). Our estimate of
49 ± 32 mol photons m2 yr�1 at the maximum depth
extent (all-station median maximum of 37 m) is similar
to previous measurements in the Arctic and Subarctic
(Table 2; Chapman and Lindley, 1980; Dunton, 1990;
Borum et al., 2002; Bartsch et al., 2016). As an example
of the applications, the total standing stock of kelp in the
Eastern Canadian Arctic was estimated at 72:7 ± 12:3 Tg C,
assuming a maximum kelp depth extent of 30 m (Filbee-
Dexter et al., 2022). However, if we consider that the
maximum depth extent is closer to 40 m, as found
around SI, the kelp standing stock would increase to
94:9 ± 16 Tg C under the premise of suitable substratum
present (table S4 in Filbee-Dexter et al., 2022). To improve
theminimumunderwater light estimation, a consideration
of seasonal variations in water transparency is important
(e.g., κdPAR; Dunton, 1990). In a warmer future with less sea
ice and more melting glaciers, the seasonal changes in
water transparency may become even more relevant (Mur-
ray et al., 2015; Bonsell and Dunton, 2018; Huss and Hock,
2018), especially in coastal regions with active coastal ero-
sion and large freshwater runoff from glaciers and rivers
(e.g., Spurkland and Iken, 2011a; Murray et al., 2015; Hop

Table 2. Minimum light required by Arctic kelp as reported by different sources

Region aiPARz Depth (m) Water Clarity bSource

Southampton Island 49 37 Highly clear This study

Foxe Basin 49 20 Highly clear Chapman and Lindley (1980)

Beaufort Sea Lagoons 45–50 5 Highly turbid Dunton (1990)

Hansneset, Kongsfjorden 42 15 Highly turbid Bartsch et al. (2016)

Young Sound 40 15–20 Turbid Borum et al. (2002)

aiPARz depends on iPAR0þ, depth, water clarity, and open water days with light (OWL); units for iPARz are mol photons m2 yr�1.
bSmall differences between estimates are expected due to our need to maintain κdPAR constant throughout the year, and use
parametrizations to account for the loss of light at the air-ocean interface due to the high solar zenith angle in polar regions (as
described in the Methods).
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et al., 2016; Traiger and Konar, 2017; Bonsell and Dunton,
2018; Huovinen et al., 2020; Bonsell and Dunton, 2021).

Although water transparency was not a significant pre-
dictor of depth extent around SI, it was relevant in
explaining the observed cross-regional differences in
depth extent. Clearer waters around SI (κdPAR approxi-
mately 0.13 m�1) at the end of the summer relative to
western Greenland (κdPAR approximately 0.18 m�1) cre-
ated more favourable underwater light conditions, leading
to the 15-m deeper depth extent of the 10 and 15% kelp
cover around SI relative to western Greenland (Figure 6a),
despite both regions having similar OWL and annual inte-
grated incident irradiances. Indeed, clear water is a com-
mon characteristic of sites reporting deep kelp, from
equatorial (Spalding et al., 2003; Graham et al., 2007) to
polar regions, despite the shorter light period at high
latitudes (Chapman and Lindley, 1980). Higher water
transparency can also explain the deeper, and more pro-
ductive, kelp ecosystems at offshore relative to nearshore
sites in Arctic Alaska (Aumack et al., 2007), Greenland
(Krause-Jensen et al., 2019) and Svalbard (Hop et al.,
2016). Contrastingly, poor water transparency is associated
with shallower kelp depth extent and reduced kelp abun-
dance (Desmond et al., 2015; Huovinen et al., 2020). Com-
parisons of the water transparency index κdPAR, must,
however, be interpreted with caution, as the magnitude
of κdPAR depends strongly on the thickness and position of
the depth layer considered in the calculations. κdPAR

values tend to decrease with depth as blue and red wave-
lengths are quickly absorbed in the top layer (Morel et al.,
2007). Hence, the use of a consistent depth interval is
recommended for comparison among regions but is diffi-
cult to accomplish.

The recent (2014–2020) rapid losses of Arctic sea ice,
for example, has increased the OWL and annual inte-
grated PAR reaching the ocean surface (Gattuso et al.,
2020; Singh et al., 2022), but climate warming combined
with the longer ice-free season has also acted to increase
coastal erosion, runoff, and frequency of sediment resus-
pension from storm events (Bonsell and Dunton, 2018),
resulting in increased turbidity and the halt in the
upward trend of averaged underwater PAR (Singh et al.,
2022). Increasing turbidity could result in a shallowing of
the kelp depth extent due to less light reaching the ben-
thos, or a shift of kelp towards deeper, but clearer, waters
offshore (Aumack et al., 2007; Traiger and Konar, 2017;
Krause-Jensen et al., 2019). Other environmental condi-
tions may also be driving a kelp depth redistribution. For
instance, decreasing salinity close to the coast due to
increasing river runoff can affect the physiology of some
kelp species negatively (Spurkland and Iken, 2011b; Lind
and Konar, 2017; Li et al., 2020). Likewise, silt and sed-
iment in the water column can have negative effects on
the physiology of kelp when sediments deposit on kelp
fronds (Roleda and Dethleff, 2011; Huovinen et al., 2020)
or when it accumulates on the substratum forming
a thick sandy/silty layer unsuitable for kelp attachment
and recruitment (Spurkland and Iken, 2011a; Desmond
et al., 2015; Hop et al., 2016; Zacher et al., 2016; Lind and
Konar, 2017; Traiger and Konar, 2017; Huovinen et al.,

2020). Conversely, sediment deposition on kelp blades
might be beneficial by mitigating harmful ultraviolet
radiation effects (Roleda et al., 2008; Roleda and Deth-
leff, 2011).

Intense phytoplankton blooms may also affect the
underwater light environment, and thus the depth extent
of kelp. This effect would be especially true around SI,
where there are no glaciers or large river runoff. Spring
and summer phytoplankton blooms are particularly
intense in the northwest polynya of Hudson Bay near the
southwest coast of SI (Barbedo et al., 2020). Phytoplank-
ton blooms can shade the benthos by capturing the pho-
tosynthetically usable radiation (PUR; sensu Morel, 1978;
Bélanger et al., 2013). Phytoplankton shading of kelp for-
est has been documented in tropical upwelling regions
(Graham et al., 2007) and along Greenland fjords (Murray
et al., 2015). Phytoplankton may also be in a competitive
relationship with kelp for nutrients as revealed by obser-
vation of low phytoplankton productivity above a dense
kelp system in shallow waters in western Hudson Bay
(Keats et al., 1989) and within the Strait of Juan de Fuca
in the Pacific Ocean (Pfister et al., 2019). Although, nutri-
ent concentration may have a secondary role in the
growth of Arctic kelp relative to underwater light (Chap-
man and Lindley, 1980; Henley and Dunton, 1997), it can
still influence kelp distribution (e.g., Chapman and Lind-
ley, 1980; Steneck et al., 2012; Franco et al., 2018; Filbee-
Dexter et al., 2019), especially when considering the gen-
erally low concentration of nutrients throughout the East-
ern Canadian Arctic (Filbee-Dexter et al., 2019).

We did not consider spatial patterns in ocean currents as
a driver of kelp depth extent; however, water motion has
been suggested to impact kelp growth regardless of the
underwater light environment or nutrient concentrations
(Hurd, 2000; Hepburn et al., 2007; Kregting et al., 2016).
Kelp growth rates are lower in areas with ocean currents
that are either slow (<0.1–0.2 m s�1) or especially fast
(>12–1.5 m s�1) relative to areas with intermediate currents
(>0.1 m s�1 and <1.2 m s�1) (Kraemer and Chapman, 1991;
Hurd, 2000; Kregting et al., 2015, 2016). Model simulations
(Saucier et al., 2004), Traditional Knowledge (Westdal et al.,
2010) and our observations during sampling suggest that
SI has a diverse hydrodynamic environment: intermedi-
ate ocean currents (0.4–0.8 m s�1) in the west, within
Roes Welcome Sound, and along the southwest coast
(Saucier et al., 2004), and fast ocean currents (1.4 m
s�1) in the northern parts of Roes Welcome Sound and
along the northeast coast (Saucier et al., 2004; Westdal
et al., 2010). We estimated ocean currents with interme-
diate speed on the southern part of Roes Welcome Sound
(0.8 m s�1, from vessel drift speed), and observed appar-
ently fast currents in a video recording taken at 46 m on
August 13, 2019 near Station 12.2 on the northern parts
of Roes Welcome Sound (Video S1; Figure S4). This video
shows structural damage to kelp blades, which is a com-
mon consequence in fast-flow environments (Gerard and
Mann, 1979; Kraemer and Chapman, 1991; Kregting
et al., 2016). A more detailed assessment of the hydro-
dynamic and nutrient environment around SI could fur-
ther explain patterns in kelp depth extent, especially in
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light of a recent modelling study that predicts a decrease
in kelp cover in response to future changes in ocean
dynamics around SI (Goldsmit et al., 2021).

This study found that SI coastal region is characterized
by cold waters, high water transparency (e.g., low κdPAR),
large OWL, low grazing pressure, abundant suitable sub-
strata, and deep and extensive kelp forests. OWL was the
principal explanatory variable of kelp depth extent from
a suit of five variables. This relationship was used to make
the first estimates of maximum present-day extent of kelp
around this Island. We combined the summer κdPAR and
the length of OWL to determine the minimal light
required by kelp, another important tool for mapping the
area covered by kelp forests. Understanding the drivers of
Arctic kelp depth extent will help improve estimates of
current and future distribution of kelp, which has implica-
tions for better understanding Arctic coastal ecology and
the role of kelp forests.

Data accessibility statement
The following data sets were used in this study:

� In situ data used in the analysis presented are
included in the supporting materials Tables S1–S2.

� CTD and rosette profiles taken around Southampton
Island in 2018 and 2019 are available at https://doi.
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Krause-Jensen, D,Marbà, N, Olesen, B, Sejr, MK, Chris-
tensen, PB, Rodrigues, J, Renaud, PE, Balsby, TJ,
Rysgaard, S. 2012. Seasonal sea ice cover as princi-
pal driver of spatial and temporal variation in depth
extension and annual production of kelp in Green-
land. Global Change Biology 18(10): 2981–2994.
DOI: http://dx.doi.org/10.1111/j.1365-2486.2012.
02765.x.
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