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A B S T R A C T

This study synthesizes a multidecadal dataset of annual growth of the Arctic endemic kelp Laminaria solidungula
and corresponding measurements of in situ benthic irradiance from Stefansson Sound in the central Beaufort Sea.
We incorporate long-term data on sea ice concentration (National Sea Ice Data Center) and wind (National
Weather Service) to assess how ice extent and summer wind dynamics affect the benthic light environment and
annual kelp production. We find evidence of significant changes in sea ice extent in Stefansson Sound, with an
extension of the ice-free season by approximately 17 days since 1979. Although kelp elongation at 5–7m depths
varies significantly among sites and years (3.8–49.8 cm yr−1), there is no evidence for increased production with
either earlier ice break-up or a longer summer ice-free period. This is explained by very low light transmittance
to the benthos during the summer season (mean daily percent surface irradiance ± SD: 1.7 ± 3.6 to 4.5 ± 6.6,
depending on depth, with light attenuation values ranging from 0.5 to 0.8 m−1), resulting in minimal potential
for kelp production on most days. Additionally, on month-long timescales (35 days) in the ice-free summer,
benthic light levels are negatively related to wind speed. The frequent, wind-driven resuspension of sediments
following ice break-up significantly reduce light to the seabed, effectively nullifying the benefits of an increased
ice-free season on annual kelp growth. Instead, benthic light and primary production may depend substantially
on the 1–3 week period surrounding ice break-up when intermediate sea ice concentrations reduce wind-driven
sediment resuspension. These results suggest that both benthic and water column primary production along the
inner shelf of Arctic marginal seas may decrease, not increase, with reductions in sea ice extent.

1. Introduction

Seasonal sea ice cover plays a prominent role in marine primary
productivity in high-latitude ecosystems, as it can set the timing of peak
production and determine annual light budgets (Kahru et al., 2011;
Clark et al., 2013; Ji et al., 2013; Post et al., 2013). In the Arctic Ocean,
there has been a striking decline in sea ice extent since the onset of
observations via satellite measurements, at a rate of approximately
13.3% loss in area per decade (Serreze and Stroeve, 2015). Despite on-
going efforts by scientists to investigate the effects of sea ice loss on
pelagic production (reviewed in Wassmann and Reigstad, 2011), only a
few studies to date have addressed the direct consequences on benthic
production (Krause-Jensen et al., 2012; Clark et al., 2013; Krause-
Jensen and Duarte, 2014). In coastal Arctic systems, benthic primary
production by macro- and micro-algae in Arctic waters is important to
ecosystem production, elemental cycling, and food web dynamics,
especially during times of limited pelagic production (Dunton and
Schell, 1987; Glud et al., 2009; McMeans et al., 2015; Renaud et al.,

2015). Additionally, bio-physical processes in shallow, nearshore Arctic
areas, where much of this production takes place, remain understudied
due to logistical constraints (e.g. Fritz et al., 2017). Changes to pro-
duction in these areas would have broad consequences for Arctic eco-
system function.

Because of the strong annual cycle of solar irradiance in polar re-
gions, seasonal sea ice and solar energy models predict that earlier
dates of ice break-up will result in exponential increases in benthic light
budgets (Clark et al., 2013). For instance, Krause-Jensen et al. (2012)
and Clark et al. (2013) used existing gradients in seasonal ice cover in
Greenland and Antarctica, respectively, to link lengthened ice-free
seasons with increases in macroalgal production and hypothesized that
future warming-driven reductions in seasonal sea ice extent and dura-
tion will enhance annual production by benthic macrophytes. These
predictions contribute to the idea that Arctic coastal habitats will be-
come increasingly macrophyte-dominated as Arctic warming continues,
with consequences for Arctic food webs and seawater chemistry (Clark
et al., 2013; Krause-Jensen and Duarte, 2014; Krause-Jensen et al.,
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2016). However, variations in underwater optical properties, which
have a profound influence on light transmittance to the benthos and
demonstrable impacts on benthic primary production (Van Duin et al.,
2001), are largely overlooked in these analyses. Bartsch et al. (2016)
hypothesized that enhanced sediment inputs from glacial melt caused a
narrower euphotic zone during the open-water season, leading to ob-
served shallowing of peak biomass and shallower depth limit of kelps in
Svalbard over the past two decades. The links between ice loss, irra-
diance at depth, and primary production appear to be multifaceted and
warrant further investigation.

While ice cover determines irradiance at the water’s surface, irra-
diance at depth depends on light attenuation in the water column. In
the coastal Arctic Ocean, summer water transparency is influenced by
concentrations of phytoplankton and sediments suspended in the water
column. Concentrations of suspended sediments during the open-water
summer in the coastal Beaufort Sea have been directly linked to in-
creased light attenuation and decreased annual production by benthic
macroalgae (Aumack et al., 2007). Many Arctic inner shelf areas
(depth < 10m), such as the Alaskan Beaufort Sea coast, have parti-
cularly high suspended sediment concentrations due to shallow depth,
persistence of unconsolidated sediments, and significant inputs by nu-
merous rivers and streams (notably, the Arctic Ocean receives 11% of
global river discharge, but only constitutes 1% of global ocean volume;
McClelland et al., 2011). These sediments originate from coastal ero-
sion, resuspension due to water motion, and fluvial inputs by Arctic
rivers, which discharge the large majority of their annual suspended
sediment loads by the end of the spring melt (Wegner et al., 2003;
O’Brien et al., 2006; Walker et al., 2008). Because most river fluxes
occur before the end of ice break-up, changes in wind direction and/or
speed during the open-water period are the main drivers of temporal
variability in underwater irradiance in the nearshore areas, as they are
in other shallow aquatic systems (Van Duin et al., 2001). Annual
benthic light budgets may consequently have a negative relationship
with wind speeds during the ice-free season.

The primary objective of this paper is to examine how sea ice extent
and wind dynamics affect variation in the annual benthic light budget
and production by the Arctic endemic kelp Laminaria solidungula in the
central Beaufort Sea. Since 1979, sea ice duration in the Beaufort Sea
has decreased at an accelerating rate, while summertime easterly winds
have increased in speed and frequency across the coastal region (Wood
et al., 2013, 2015; Frey et al., 2015). These long-term environmental
changes may have significant, but opposing, effects on long-term pri-
mary production patterns. Although lengthened ice-free season results
in increased irradiance at the waters’ surface, enhanced summer winds
may degrade the underwater light climate. Frond elongation in L. so-
lidungula, is entirely dependent on the utilization of photosynthetically
derived carbon reserves produced the previous summer (Dunton and
Schell, 1986). The resulting annual growth has a strong correlation with
the light budget of the preceding ice-free season (Dunton, 1990). This
species is ideal for assessing the biological effects of changes to the
Arctic underwater light environment due to its enhanced capacity to
respond to small changes in irradiance compared to other kelp species,
particularly evident in its low saturating irradiance for photosynthesis
(38 µmol photons sec−1; Dunton and Jodwalis, 1988).

Multidecadal time series that document biological responses to
variations in regional climate in Arctic marine systems are rare, but
critical for the development of accurate projections of future ecosystem
change (Wassmann et al., 2011). Here, we synthesize a multidecadal
dataset (collected between 1977 and 1992, and 2002 through 2008)
and incorporate previously unpublished data (2012 through 2016), on
benthic irradiance and kelp growth from Stefansson Sound in the cen-
tral Beaufort Sea (Dunton, 1990; Dunton et al., 1992, 2009; Aumack
et al., 2007) to demonstrate the combined influence of seasonal ice
extent and wind dynamics on the annual light budget, and annual kelp
production. Additionally, we assess whether annual variations in L.
solidungula growth relate to seasonal ice extent and summer wind

dynamics. In doing so, this work highlights the importance of including
factors that affect underwater light transmittance in projecting changes
in primary productivity and ecosystem structure in Arctic marine eco-
systems.

2. Methods

2.1. Study site

The Stefansson Sound Boulder Patch (hereafter ‘the Boulder Patch’)
is an isolated rocky zone of boulders and cobbles covering an area of
approximately 63 km2 in a region dominated by soft sediment (Barnes
and Reimnitz, 1974; Fig. 1). Located in relatively shallow water (4–8m)
within 15 km of the coast, the Boulder Patch remains a non-depositional
environment despite its proximity to the Sagavanirktok River, which
has a 1–2week period of peak discharge in late May and early June
(Dunton et al., 1982; Rember and Trefry, 2004)

The epilithic community in the Boulder Patch is dominated by the
kelp L. solidungula and represents a regional biodiversity hotspot.
Research conducted in the area since the 1970s has focused primarily
on characterizing the underwater light environment and the biological
production of L. solidungula (Dunton, 1985; Dunton and Schell, 1986,
1987, Dunton et al., 1992, 2009; Henley and Dunton, 1995; Aumack
et al., 2007). Field studies have been nearly continuous since 1978
except for a single seven-year lapse (1993–2000), with ten long-term
study sites occupied since 1984 (Fig. 1).

2.2. Kelp production

Laminaria solidungula individuals from long-term study sites were
collected by SCUBA divers at one- or two-year intervals. The thallus of
this species consists of a single blade with multiple ovate growth sec-
tions, each representing one year of production. The blade section
closest to the stipe represents production from the most recent year and
the immediate distal section represents growth from the previous year.
Because multiple years of production can be measured from a single
individual, this dataset spans from 1976 to 1990 and 1996 to 2015.

2.3. Benthic and surface irradiance

Spherical quantum sensors (LI-193SA, LI-COR Inc.), placed ∼0.5m
above the benthos, were deployed for measurements of photo-
synthetically active radiation (PAR) at sites across the Boulder Patch
(Fig. 1, Supp. Table 1). Sensors were deployed in conjunction with ei-
ther CR21 (Campbell Scientific), LI-1000, LI-1400, or LI-1500 data-
loggers (LI-COR Inc.), depending on the site and study year (Supp.
Table 1). Cosine PAR sensors (LI-192SA, LI-COR Inc.) deployed in line
with a LI-1000 datalogger collected continuous surface light measure-
ments at East Dock in Prudhoe Bay (1986–1987) and Endicott Island
(1987–2016; Fig. 1). Sensors were cleaned between deployments (once
a year), as bio-fouling in this environment is negligible. Sensors made
instantaneous measurements every minute and logged the average
every 1 or 3 h, depending on site and study year (Supp. Table 1). All
PAR measurements were converted into total daily photon flux rate
(mol m−2 day−1) for analysis. Daily hours of saturating irradiance for
L. solidungula (Hsat: hours with average photon flux rate≥ 38 µmol
photon m−2 sec−1; Dunton and Jodwalis, 1988) were also calculated,
as this metric is more closely related to annual production than photon
flux rate (Dunton, 1990). For years with irradiance data for> 90% of
the year, annual Hsat was calculated at each site.

2.4. Sea ice

Sea ice concentration from 1979 to 2016, measured via passive
microwave data, was obtained from the National Sea Ice Data Center
via the Arctic Data Integration Portal (http://portal.aoos.org) for the
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two 25 km2 grid areas that contain the Boulder Patch. Values from the
two areas mirrored each other closely over time and were therefore
averaged daily. Dates of key events in the ice season (break-up start,
break-up end, freeze-up start, and freeze-up end) were calculated using
the algorithms described by Johnson and Eicken (2016). These events
define the seasonality of direct incident solar radiation to the sea sur-
face. The length of the ice-free season was calculated as freeze-up start
minus break-up end.

2.5. Wind

Wind speed and direction for West Dock in western Stefansson
Sound (National Climate Data Center ID 9497645), spanning
1993–2016, were obtained from the National Weather Service
Cooperative Observer Program (COOP) via the R package “r-noaa”
(Chamberlain, 2016). Wind speed and direction for Deadhorse Airport,
spanning 1973–2016, were obtained from the Alaska Airport Weather
Observations Network (mesonet.agron.iastate.edu/ASOS/) and under-
went quality control procedures before analysis. Coastal wind speed
was estimated from the Deadhorse data using the linear relationship
between wind speed at Deadhorse and West Dock (see Results). For
consistency, we only used the estimated coastal wind speed in analyses
relating to irradiance and kelp growth. To examine changes in summer
winds over time, we used data confined by the dates of start of break-up
and start of freeze-up for each year; for analyses relating wind to
benthic light or kelp growth, we focused on wind data confined by the
dates of end of break-up and start of freeze-up for each year. In con-
currence with other studies in the region, storm events were defined
as> 6 consecutive hours of average wind speeds over 10m/s, with
direction defined by primary cardinal direction (e.g. winds from NNE

were defined as N winds; Manson and Solomon, 2007).
To assess the effect of wind speed on underwater light transmit-

tance, we plotted the relationship between mean daily coastal wind
speed (as estimated from Deadhorse) and daily percent surface irra-
diance. Due to noisy data, wind speeds were binned by rounding to the
nearest whole number.

2.6. Production model

To assess the effects of ice extent and wind speed on annual kelp
production, we used the model developed by Aumack et al. (2007) to
calculate daily production rates under given depth and suspended se-
diment concentrations. Briefly, this model uses incident radiation and a
suspended sediment concentration-specific light attenuation coefficient
to estimate benthic irradiance to calculate L. solidungula production
over the open-water season. We estimated incident radiation on each
day of the year by averaging values for each day from all the years of
surface irradiance measurements. We incorporated daily wind speeds
by using estimates of suspended sediment concentrations under given
wind speeds obtained in this region (Trefry et al., 2009, Aumack and
Dunton unpublished data; Supp. Table 2). We confined the model to ice-
free dates only and used daily average coastal wind speed. Annual
carbon production was estimated for the average size of individuals
from our long-term dataset (22.5 cm basal blade length). Modelled
carbon production was compared to the long-term kelp growth dataset,
with measured kelp growth converted into g C yr−1 based on previously
derived relationships (Dunton and Jodwalis, 1988; Aumack, 2003).

Fig. 1. The Stefansson Sound Boulder Patch, showing location of long-term study sites in relation to percent rock cover in Stefansson Sound. Inset shows location of Stefansson Sound
(blue star) in reference to Alaska. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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2.7. Statistical analysis

Trends in ice events, wind speed, and kelp growth over time were
assessed using linear regression analyses. The relative effects of year
and site, and the interaction between the two terms, on kelp growth
were determined using ANOVA. We tested the relationships between
kelp growth (linear elongation in centimeters) and date of ice break-up
and length of ice free season by linear regression.

For years and sites with irradiance data for> 90% of the summer
period (July-September), we tested if ice break-up date and length of
ice-free season predicted the annual benthic irradiance budget using
linear models. For these data, cumulative Hsat was calculated for each
day by inclusively summing Hsat from all previous days to determine
the seasonality of potential kelp production.

For all years of irradiance data, the longest portion of the year with
representative data for multiple sites and years from multiple decades is
27 July – 31 August. There were not adequate redundancies in sites
across years for these dates, so separate one-way ANOVAs were con-
ducted to test the individual effects of site and year on three irradiance
variables: (a) total annual irradiance, (b) mean irradiance, and (c) total
Hsat. The relative effects of mean daily sea ice concentration and mean
daily maximum wind speed, and the interaction between the two terms,
on the three irradiance variables for this 36-day period were

determined by linear regressions. As westerly winds entrain turbid
coastal water in the nearshore in this region, we also tested the effects
of wind direction and proportion of westerly winds on the three irra-
diance variables using linear regression. We defined westerly wind as
within 45° of due west (270°). To test the relative importance of this
period of time to annual kelp production, the relationships between
site-specific annual kelp growth and total irradiance, as well as between
site-specific annual kelp growth and total Hsat, were each tested by
linear regression.

All analyses were carried out using R (R Core Team, 2016). Direc-
tional data was analyzed and plotted using the R package “circular”
(Agostinelli and Lund, 2017).

3. Results

3.1. Physical drivers: sea ice and winds

We found that the ice-free season in Stefansson Sound (end of break-
up to start of freeze-up) lengthened during the period of this study.
Dates between ice break-up and freeze-up increased from 74 days in
1979 to 132 days in 2016 (Figs. 2 and 3, Supp. Table 3). Duration of ice
break-up, however, did not show any change (Fig. 3, Supp. Table 3).

Coastal wind speeds directly measured at West Dock and estimated

Fig. 2. Sea ice concentration by Julian Day in Stefansson Sound over a 38-year period (January 1979–2017) illustrates the lengthening of the open-water season and the decrease in
summer ice concentration over time.

Fig. 3. Key events related to freeze-up and break-up
by Julian Day (A-B,D-E) or duration of event in days
(C,F). Generally, break-up is occurring earlier and
freeze-up later over the 38-year period. Blue line
represents the linear relationship ± SE (grey
shading). (For interpretation of the references to
colour in this figure legend, the reader is referred to
the web version of this article.)
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from Deadhorse show no trends over time (linear regressions on daily
summer wind speed and fraction of hours with wind speeds> 10m/s,
p > 0.05, R2 < 0.1). We also did not find evidence for a strengthening
of easterly or westerly winds over time (linear regressions, p > 0.05,
R2 < 0.1). From the 1993–2016 data, we calculated the linear re-
lationship between West Dock and Deadhorse daily wind speeds as

= + ∗Speed 1.40 1.04 SpeedWest Dock Deadhorse (1)

where speeds are in m/s (linear regression, p < 0.05, R2=0.63). Wind
direction data for both stations are not vonMises distributed and
therefore could not be analyzed statistically for trends over time. We
discerned that mean wind direction at each station varies between years
(particularly at Deadhorse), but typically originates from the east at
West Dock and from the northeast at Deadhorse (Fig. 4).

3.2. In situ kelp growth and benthic irradiance: relationships to sea ice and
wind

Analysis of the long-term data shows that kelp growth (as measured
by blade elongation) in the Boulder Patch fluctuates over time and
between sites (Fig. 5), although there is more variation in growth be-
tween sites than between years (SSSite = 80127, FSite(98936)= 105,
p < 0.01 SSYear = 442890, FYear(34,8936)= 153, p < 0.01). The re-

lationship between annual kelp growth across the Boulder Patch and
the length of the open-water season is not significant (linear regression,
p > 0.05, R2 < 0.1).

Benthic irradiance at all sites displays strong seasonality, with some
variation in maximum daily photon flux per year (Fig. 6). We only have
data for the entire summer for a couple of years, confined mostly to the
late 1980s and early 1990s, but we did not find any trends over time in
the annual maximum daily photon flux rate (linear regressions per-
formed for each site, p > 0.05, R2 < 0.1). Under ice cover, no mea-
surable light occurs except at some sites in some years in the spring
under “clean ice” (Dunton, 1984), until around the time of the freshet
when irradiance levels return to zero (Fig. 6). The first significant light
transmittance occurs after ice break-up has begun (Figs. 6 and 7).
Overall summer light levels are low, with the majority of days lacking
light levels that approach saturation irradiance for Laminaria soli-
dungula (Table 1). Interestingly, these data show that the days sur-
rounding ice break-up contribute strongly to annual Hsat for a given
site, sometimes over 50% of the annual value (Fig. 7).

Our analysis of data from 27 July – 31 August showed no significant
differences among sites for mean daily benthic irradiance (MDI), total
benthic irradiance (TBI), or total Hsat (TH). However, we detected
significant differences among years for this period (SSMDI∼Year = 10.58,
FMDI∼Year (6,18)= 9.95, p < 0.01; SSTBI∼Year= 12102, FTBI∼Year

(6,18)= 10.54, p < 0.01; SSTH∼Year= 85591, FTH∼Year (6,18)= 11.8,
p < 0.01). TBI and TH from this period do not predict annual kelp
growth (linear regressions, p > 0.05, R2 < 0.1). We did not find sig-

nificant effects of mean daily sea ice concentration, or the interaction
between ice concentration and mean daily maximum wind speed on
MDI, TBI, or TH. However, mean daily maximum wind speed alone

Fig. 4. Daily summer wind variables over time for West Dock (A,C) and Deadhorse Airport (B,D). The distributions of daily mean wind direction (A,B) show that winds tend to originate
from the east. The earliest year of measurement is the most interior circle of points, the latest year is the most exterior. Semi-transparent points indicate daily average wind direction,
colored by year. Opaque red squares indicate annual mean direction. Black line indicates overall mean direction for all years. Daily wind speeds (C,D) are shown as annual means ± SD
(black line and grey shading). Wind speed varies between summers, but shows no long-term trends. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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significantly affects MDI (linear regression, p < 0.05, R2=0.24), TBI
(linear regression, p < 0.05, R2= 0.24), and TH (linear regression,
p < 0.05, R2= 0.19). This effect of wind is always negative. Plots of
binned mean daily wind speed compared to percent surface irradiance
for all ice-free dates at each site echo this negative relationship (Fig. 8).
In contrast, there is no linear relationship between daily percent surface
irradiance and sea ice concentration in the summer, with high irra-
diance values possible at high ice concentrations (Fig. 9). Although
there is no relationship between mean wind direction and MDI, TBI, or
TH for the 27 July – 31 August data, the proportion of westerly winds
has a significant, negative effect on each of these irradiance variables
(linear regressions, p < 0.05, R2

MDI= 0.21, R2
TBI= 0.20, R2

TH=0.19).
Modelled kelp production based on wind during the ice-free

summer is more variable between sites than measured production, and
shows a general increase over time in annual production (Fig. 10).
Compared to measured production, the model is conservative, often
underestimating annual kelp production, and has a high incidence of
predicting zero production, especially for shallower sites.

4. Discussion

Although the ice-free season has lengthened over time in Stefansson
Sound, we found no evidence of increased kelp production. Low light
conditions prevail during the summer, suggesting that suspended se-
diments, often derived from wind-driven water motion, are integral in
controlling light transmittance in shallow, nearshore regions of the
Arctic. However, annual kelp production and long-term trends were not
accurately predicted by our model, which relied on established re-
lationships between wind speed and light attenuation during the ice-
free summer. Instead, annual benthic light budgets – and therefore
annual kelp production – appear to rely heavily on enhanced light
transmittance in the days surrounding ice break-up. Overall, our results
suggest that sea ice presence in these systems has a net positive effect
on underwater light transmittance and marine primary production by
attenuating swell and wave action.

Laminaria solidungula in Stefansson Sound survive at impressively
low quantum budgets, reported previously by Dunton (1990) at 45mol
photons m−2 yr−1, the lowest measured for any kelp population
(Lüning and Dring, 1979 reported boreal Laminaria hyperborea at
71mol photons m−2 yr−1). In addition, L. solidungula exhibits satura-
tion (Ek) and compensation (Ec) irradiance at 38 µmol photons m−2

sec−1 and 0.5–3 µmol photons m−2 sec−1, respectively (Chapman and
Lindley, 1980; Dunton and Jodwalis, 1988), among the lowest reported
for marine macroalgae (Wiencke et al., 2006), and well below that of
other cold water kelp species (Laminaria digitata: Ek and Ec= 150 µmol

photons m−2 sec−1 and 6 µmol photons m−2 sec−1, respectively; Sac-
charina latissima: Ek and Ec= 150 µmol photons m−2 sec−1 and 5 µmol
photons m−2 sec−1, respectively; L. hyperborea Ek and Ec= 90 µmol
photons m−2 sec−1 and 9 µmol photons m−2 sec−1, respectively; King
and Schramm, 1976, Lüning, 1971). Consequently, because L. soli-
dungula is very responsive to the low irradiance with an annual growth
pattern strongly linked to summer open-water conditions (Dunton
1990), the species is an excellent indicator of interannual variations in
the underwater light climate.

4.1. Ice concentration, wind dynamics, benthic irradiance, and kelp growth

Summer sea ice concentrations in Stefansson Sound have declined
considerably since the 1980s (Fig. 2). Our analysis indicates that the
open-water season (break-up end to freeze-up start) of the Boulder
Patch area has gained approximately 17 days between 1979 and 2016
(Fig. 3). This rate of change is considerably less than that measured for
the western coastal Beaufort Sea (∼54 days over 34 years, Johnson and
Eicken, 2016) and the Beaufort Sea as a whole (∼36 days over 30 years,
Markus et al., 2009; ∼31 days over 34 years, Stroeve et al., 2014;
∼41 days over 33 years Frey et al., 2015). However, the Beaufort Sea is
a region characterized by considerable variability compared to other
Arctic regions (Markus et al., 2009; Stroeve et al., 2014), and the rate of
change for Stefansson Sound is similar to the trend for the entire Arctic
(∼20 days over 30 years, Markus et al., 2009; ∼15 days over 34 years,
Parkinson, 2014). While some of these differences may be attributed to
varied definitions of “ice-covered”, geomorphology is likely the main
cause of disparity. Stefansson Sound is largely protected by a chain of
barrier islands which affects the dynamics of landfast ice compared to
pack ice. Landfast ice forms first in protected areas, such as lagoons and
sheltered bays, and the timing of its freeze and melt are closely tied to
the onset of freezing and thawing temperatures, respectively (Barry
et al., 1979; Mahoney et al., 2014). As a result, ice presence in sheltered
coastal waters such as Stefansson Sound may respond to different for-
cing and exhibit more moderate long-term trends than in exposed and
offshore waters.

One expected outcome of decreased seasonal ice is an increase in
underwater light and annual production in L. solidungula over time (i.e.
Krause-Jensen et al., 2012; Clark et al., 2013), as demonstrated by our
productivity model (Fig. 10). Our data, however, do not show such a
trend (Figs. 4 and 10). Previous research has demonstrated that while
there is a strong correlation between annual benthic irradiance and L.
solidungula production, there is no correlation between daily surface
and underwater irradiance in Stefansson Sound (Dunton, 1990). Ad-
ditionally, the timing of ice dynamics has no direct impact on annual

Fig. 5. Mean Laminaria solidungula growth (cm) varies between sites and years, with some years showing strong annual patterns (e.g. 2001 and 2003).
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kelp production. Instead, annual benthic light budgets in Stefansson
Sound are primarily limited by resuspension of sediments by wind-in-
duced water motion (Aumack et al., 2007). This is partially demon-
strated by the considerable accumulation of Hsat during the dates sur-
rounding ice break-up (Fig. 7), when wind-driven water motion is
limited by high sea ice concentrations. The negative relationship be-
tween wind speed and benthic irradiance over month-long periods, and
the prevalence of low light conditions during the ice-free season
(Table 1), further emphasize the link between wind and light attenua-
tion.

The lack of a significant relationship between ice concentration and
benthic light during late July through August indicates that the nega-
tive effects of wind outweigh the potentially remediating effects of any
sea ice that lingers in the nearshore area after the open-water season is
underway. As in other shallow aquatic systems, rates of particle

settlement and transport of suspended sediments confound the con-
nection between benthic irradiance and wind (Van Duin et al., 2001).
The effect of wind direction on the entrainment or advection of turbid
coastal waters adds additional complexity to this relationship. It ap-
pears that the frequency of short-term increases in underwater light
transmittance, under favorable wind and ice conditions ultimately de-
termine the annual benthic light budget in this system.

The temporal accumulation of Hsat suggests that the days sur-
rounding ice break-up contribute significantly (as much as 75–100%;
Fig. 7) to annual benthic light budgets and annual kelp production.
Underwater irradiance during this time depends on the amount of se-
diments contained within the ice (Dunton et al., 1982; Kempema et al.,
1989), as well as ice dynamics during break-up, which are difficult to
predict, and therefore not included in our production model. The
omission of the break-up period may explain why the ice- and wind-
based production model often underestimated kelp growth (Fig. 10).
The drastically reduced light levels during the ice-free summer and the
lack of relationship to annual kelp growth demonstrate that light con-
ditions during the ice-free summer are usually poor. Consequently,
contracted sea ice extent may simply contribute to wind-driven mixing
of the water column and increased suspended sediments earlier in the
year, effectively diminishing benthic irradiance and kelp production
during the ice-free summer.

Reduced sea ice coverage in the coastal Beaufort Sea has increased
wave fetch and intensified wave energy (Thomson and Rogers, 2014;
Thomson et al., 2016) that can substantially increase suspended sedi-
ments (Trefry et al., 2009). Other studies in this region show that wave
height is related to wind speed, as well as ice concentration (Manson
and Solomon, 2007). Therefore the strengthening of easterly winds in
the region since the mid-2000 s may also contribute to enhanced sedi-
ment resuspension (Wood et al., 2013, 2015), though this trend was not
reflected in the wind measurements recorded at the Prudhoe Bay
weather stations.

Current projections for macrophyte communities in Arctic marine
systems assume that benthic irradiance will increase as sea ice extent
contracts (i.e. Clark et al., 2013, Krause-Jensen and Duarte, 2014). The
long-term data presented here show that this assumption may not apply
to inner shelf regions, especially marginal Arctic seas that receive
substantial river inputs during the summer open-water period. This also
agrees with results from a glacially-influenced site, where sediment-
laden glacial meltwater is thought to have shrank the euphotic zone
over time (Bartsch et al., 2016). Light attenuation by suspended sedi-
ments demonstrably affects irradiance available for primary produc-
tion, both in the water column (Van Duin et al., 2001) and in the
benthos (Anthony et al., 2004; Aumack et al., 2007), and should be
considered for Arctic ecosystem change scenarios.

4.2. The Arctic inner shelf under future climate change

Shallow inner shelf zones make up 20% of the area of Arctic shelves
(Fritz et al., 2017). Outside of Greenland and the Canadian Archipelago,
these systems experience considerable inputs from Arctic rivers during
the melt season that contribute to total suspended sediment (TSS)
concentrations (Gordeev et al., 1996; Holmes et al., 2002; Gordeev,
2006; McClelland et al., 2011). Coastal erosion also significantly con-
tributes to elevated TSS levels in inner shelf zones (Reimnitz et al.,
1988; Hill and Nadeau, 1989), which are often maintained by wind
events that resuspend unconsolidated sediments on shallow shelves
(Hill and Nadeau, 1989). The reduction in water transparency in re-
sponse to increased TSS, which is accentuated by expanded fetch and
diminished ice extent, demonstrates the effects of a warming Arctic on
primary production, especially on the coast and inner shelf. Conse-
quently, we should expect that coastal ecosystems will respond differ-
ently to climate change than deeper, offshore seasonal ice zones.

As warming continues, multiple environmental factors in nearshore
Arctic areas will cause average summer light attenuation to surpass

Fig. 6. Seasonal pattern of both incident (Endicott Island) and underwater irradiance
(mol photons m−2 day−1) on the seabed at eight locations in Stefansson Sound by year.
Note change in scale for surface irradiance.
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current levels (∼0.8m−1; Table 1). The persistence of these high at-
tenuation conditions, which match the turbid conditions previously
measured in Stefansson Sound (Dunton, 1990; Dunton et al., 2009), will
alter regimes of underwater light transmittance and primary pro-
ductivity (Fig. 11). First, the reduction of sea ice will increase the in-
cident sunlight to the ocean, leading to enhanced capacity for primary
productivity at the surface. However, this reduction in sea ice will also
lead to lengthened fetch, larger swell, stronger wave activity in the
nearshore, and higher incidence of sediment resuspension (Wegner
et al., 2003; Walker et al., 2008; Thomson and Rogers, 2014; Thomson
et al., 2016). Nearshore wave activity also intensifies coastal erosion,
aided by melting permafrost and sea level rise (ACIA, 2005, Overeem
et al., 2011). Currently, both sheltered mainland-lagoon and open-

ocean exposed coastlines of the Beaufort Sea are eroding at rates of
0.9–1.8m y−1, respectively (Gibbs and Richmond, 2015). Globally,
rates have been measured as high as 25m y−1 (Jones et al., 2009;
Gunther et al., 2015). Beaufort Sea Coast erosion rates appear to have
increased, or even doubled over the past five decades (Jones et al.,
2008, 2009). As the climate continues to warm, most Arctic coastlines
are expected to experience accelerated coastal erosion (Fritz et al.,
2017, ACIA, 2005). River discharge to the Arctic Ocean is also in-
creasing, with measured increase of ∼11% from 1964 to 2000
(McClelland et al., 2006). This will contribute to intensified fluvial

Fig. 7. Cumulative Hsat, as proportion of an-
nual Hsat, illustrates the rapid accumulation of
hours of saturating irradiance during and di-
rectly following the period of ice break-up,
based on available in situ irradiance data from
each site from July through September. Pairs
of black vertical lines frame the period be-
tween start of break-up and when sea ice
concentration reaches 15%.

Table 1
Summary of underwater daily light values for ice-free summer (end of break-up to the start of freeze-up). Differences in mean daily surface irradiance between sites are due to differences
in benthic light data coverage over time (Supp. Table 1).

Site Depth (m) Mean daily surface
irradiance (mol photons
m−2 day−1))

Mean daily percent surface irradiance ± SD Mean light
attenuation, k (m−1)

Percent of days with
benthic photon flux
of 0

Mean daily
hours Hsat

Percent of days
with 0 h Hsat

DS11 6.1 15.5 4.1 ± 6.2 0.52 20.9 1.9 ± 4.0 77.8
E1 4.4 15.1 3.2 ± 6.4 0.78 29.9 1.7 ± 4.0 81.5
E2 4.3 13.8 3.1 ± 6.2 0.81 38.1 1.5 ± 3.6 82.8
E3 5.5 12.7 3.6 ± 6.6 0.60 35.4 1.7 ± 3.9 78.8
L1 5.5 17.0 1.9 ± 3.8 0.72 35.3 1.4 ± 3.7 82.7
W1 6.0 12.5 1.9 ± 3.7 0.66 39.3 0.8 ± 2.5 87.0
W2 6.2 13.3 2.2 ± 4.2 0.62 41.2 0.9 ± 2.9 87.9
W3 6.6 12.2 2.3 ± 4.3 0.57 43.9 1.1 ± 2.8 84.2

Fig. 8. Mean daily underwater irradiance, as percent surface irradiance, at each site in
relation to coastal wind speed calculated from the Deadhorse Airport station (Eq. (1)). Fig. 9. Distribution of daily underwater irradiance values (as percent of surface irra-

diance) as a function of ice concentration during the period from the start of ice break-up
to the start of freeze-up. Note that high irradiance values are possible at relatively high ice
concentrations.
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Fig. 10. Modelled kelp production (white circles), calculated for an average-sized individual (22.5 cm basal blade length) based on the relationship between wind velocity, total
suspended solids, and light attenuation during the ice-free period, compared to measured mean kelp production (black circles ± SE) calculated from blade elongation.

Fig. 11. Conceptual diagram of the effects of (a) summer ice cover versus (b) reduced summer ice cover on processes affecting the underwater light environment in shallow inshore
(< 10m) Arctic ecosystems. Reduced ice will increase coastal erosion, lead to larger swell, and increase sediment resuspension, which will combine with enhanced fluvial sediment inputs
to ultimately increase light attenuation (k). This will decrease annual growth of benthic macrophytes, and shift depth distributions of pelagic and benthic primary producers by
shallowing the critical depth.
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sediment flux, estimated to rise by 30–122% for the six largest Arctic
rivers by the end of the century (Gordeev, 2006).

The additive effects of sea ice loss, coastal erosion, and enhanced
fluvial inputs will ultimately increase suspended sediments in Arctic
inner shelf waters during the open-water season (Fig. 11). Our research
suggests that as summer ice concentrations continue to decrease, the
annual benthic light budget in nearshore areas will progressively de-
pend on light transmitted through the ice and water before and during
break-up. It also shows that primary production may shift in un-
expected ways in the future, depending on local characteristics. In areas
with high suspended sediments, benthic production may not be en-
hanced by ice loss, but will increasingly rely on light transmittance
during break-up. Phytoplankton productivity in the nearshore Arctic
will also depend on the balance between light attenuation by suspended
sediments and nutrient concentrations in the upper water column,
which are similarly determined by sediment resuspension, erosion, and
fluvial inputs. Decreased light transmission during summer will shallow
the critical depth of growth, altering depth distributions of benthic and
planktonic primary producers. Our work demonstrates that environ-
mental factors that characterize Arctic inner shelves, particularly sus-
pended sediments, should be considered in projections that evaluate the
response of Arctic ecosystems to climate change.
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