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In the Arctic Ocean, sea ice algae are responsible for a small but seasonally important pulse of primary
production. Their persistence is threatened by the rapid loss of sea ice from the Arctic Ocean due to
climate change, but this threat will be at least partially offset by the replacement of multiyear ice (MYI)
with first-year ice (FYI). FYIl is thinner and usually features a thinner snow cover than MYI, thus transmitting
more light to support ice algal growth. We combined remote sensing, reanalysis data, and modeling products
with a radiative transfer model to assess how the changing physical conditions in the Arctic altered the
extent and duration of the bottom ice algal habitat over a 34-year period. Habitat was defined as areas where
enough light penetrates to the bottom ice to support net positive photosynthesis. The Arctic shifted from
37% FYI in 1985 to 63% in 2018, as the 2.0 x 10° km? increase in FY| extent outpaced the 0.6 x 10° km?
decrease in overall sea ice extent above the Arctic Circle. The proliferation of younger ice corresponded with
a 0.08 m decade™ decrease in average sea ice thickness and a 0.003 m decade™ decrease in average snow
depth. The end of the ice algal season, marked by the onset of warm summer air temperatures, moved slightly
earlier, by 1.4 days decade™. Our analysis indicates that ice algal habitat extent increased by 0.4 x 10° km?
decade™, or from 48% to 66% of total sea ice extent. The average ice algal growing season also lengthened by
2.4 days and shifted earlier in the year. Together, these trends suggest that net primary production in Arctic
sea ice increased during 1985-2018. The most dramatic changes were localized in the Central Basin and the
Chukchi Sea and were driven primarily by the declining snow cover and the shift from MY to FYI. Although the
Arctic recently became more favorable toice algae, we expect that this trend will not continue indefinitely, as

a limited amount of MYI remains.
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1. Introduction

Sea ice algae are found in all regions of the Arctic Ocean,
from the deep Central Basin to the surrounding shelf seas
(Arrigo, 2017) and are responsible for a small but season-
ally important pulse of primary production. They contrib-
ute an estimated 9-73 Tg C yr !, or about 2-10% of total
Arctic primary production, but can account for up to 40%
in locations with low phytoplankton production (Subba
Rao and Platt, 1984; Legendre et al., 1992; Deal et al.,
2011; Dupont, 2012; Jin et al.,, 2012; Watanabe et al.,
2019). Critically, they usually bloom 1-3 months before
phytoplankton (Ji et al., 2013; Payne et al., 2021), they
serve as a rich food source for both sympagic (ice-associ-
ated) grazers (Nozais et al., 2001; McConnell et al., 2012;
Bluhm et al., 2017; Caron et al., 2017) and early season
zooplankton (Runge and Ingram, 1988; Sereide et al.,
2010; Durbin and Casas, 2014), and their impact can
be traced up the food web (Kohlbach et al., 2016). The
remaining ice algal biomass can be exported to the
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seafloor where it likely contributes to benthic food webs
and remineralization processes (Ambrose et al., 2005;
Renaud et al., 2007; Boetius et al., 2013; Wiedmann et
al., 2020). The release of algae from melting sea ice may
serve to seed phytoplankton blooms, though the magni-
tude and duration of that contribution may be variable or
limited (Syvertsen, 1991; Tedesco et al., 2012; Szymanski
and Gradinger, 2016; Selz et al., 2018).

Microalgal growth in sea ice is influenced by many
factors, beginning with the incorporation of algae into the
ice during its formation and growth (Garrison et al., 1983;
Gradinger and Ikéavalko, 1998; Rézanska et al., 2008; Olsen
et al., 2017; Kauko et al., 2018). Strong salinity and tem-
perature gradients within the sea ice interior, which con-
trol the porosity and connectedness of the brine network,
limit available space and generally make the bottom ice
a more suitable habitat (Tedesco and Vichi, 2014; Leu et
al,, 2015). For ice algae to grow, enough light must be
transmitted to the algal layer to support net photosynthe-
sis; the transmission of this light depends on the incoming
solar radiation, attenuation in the atmosphere, photope-
riod as the Arctic transitions out of polar night, thickness
of the snow and ice, and optical properties of snow (deter-
mined by grain size and wetness) and sea ice (determined
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by brine volume, bubble content, and soluble and partic-
ulate matter content). Light availability is usually the lim-
iting factor in ice algal bloom initiation (Lavoie et al.,
2005; Tedesco and Vichi, 2014; Mortenson et al., 2017)
and, in particular, is strongly tied to the depth of the snow
pack (Welch and Bergmann, 1989; Bergmann et al., 1991;
Rysgaard et al., 2001; Leu et al., 2015), as the attenuation
of light by snow is much greater than by sea ice (Perovich
et al., 1986; Stroeve et al., 2021). Sea ice thickness is
thought to be a secondary control on light transmission
but can still be important, particularly on kilometer
scales (Katlein et al., 2015). Nutrients, which are supplied
by seawater exchange or are internally recycled (Meiners
and Michel, 2017), also control where algae grow in the
sea ice and often determine bloom magnitude (Lavoie et
al., 2005; Tedesco and Vichi, 2014; Mortenson et al.,
2017). Though grazers certainly consume ice algae, they
are not usually considered controls on ice algal blooms
(Werner, 1997; Nozais et al., 2001). Most blooms end
when ice algae slough off the bottom of the sea ice as
atmospheric conditions (air temperatures or rain) and
the transmission of heat through the snow and ice cause
the bottom of the ice to melt (Fortier et al., 2002; Lavoie
et al., 2005; Selz et al., 2018; Oziel et al., 2019). Warmer
seawater temperatures can also contribute to bottom ice
melt (Perovich, 2011).

Of the many aspects of the Arctic that have responded
rapidly to climate change, among the best documented
and quantified are changes to the atmosphere and the
physical marine environment. Both Arctic air and water
temperatures have warmed at more than twice the global
rate (Arctic Monitoring and Assessment Programme
[AMAP], 2019; Carvalho and Wang, 2020). An increase in
summer clouds has decreased photosynthetically active
radiation (PAR, 400-700 nm) incident on the ocean sur-
face (Bélanger et al., 2013). Sea ice has declined by every
metric—areal extent, thickness, age, volume, seasonal
duration—and the rate of decline has been increasing
(Stroeve and Notz, 2018; AMAP, 2019). From 1979 to
2018, the Arctic lost 11% of its sea ice as measured during
the maximum extent in March and 45% as measured
during the minimum extent in September (Stroeve and
Notz, 2018). Sea ice decline has not been equally distrib-
uted among regions, but has been concentrated in the
lower-latitude peripheral seas (Onarheim et al., 2018).
Most of the Arctic has also experienced a shorter sea ice
season, which declined by 0.5-1.5 days yr ' between 1979
and 2013 (Parkinson, 2014). As less sea ice has been
retained during summer, ice has become younger and
thinner on average. Multiyear ice (MYI) extent declined
by >50% over 1999-2017, and first-year ice (FYI) now
makes up more than two-thirds of the Arctic sea ice
cover (Kwok, 2018). This change has corresponded with
a widespread decrease in ice thickness, from an Arctic
end-of-melt average of 3.0 m in 1958-1976 to 1.0 m in
2011-2018 (Kwok, 2018). Changes in sea ice extent and
thickness can also be monitored in terms of ice volume,
which decreased by 2,870 km? decade™" during 2003-2018
(Kwok, 2018). Lastly, the average snow depth on Arctic sea
ice in spring decreased by about 0.1 m between 1951-1991
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and 2009-2013: field data in the western Arctic showed
a decline from a mean depth of 0.35 m to 0.22 m (Webster
et al., 2014), while modeling showed a pan-Arctic decline
from 0.41 m to 0.31 m (Blanchard-Wrigglesworth et al.,
2015). Rather than changes in snowfall rates or snow redis-
tribution, the shift towards FYI has likely driven this
decline, as MYI can accumulate more snow over its longer
life span (Blanchard-Wrigglesworth et al., 2015).

The combined effect of these changes on Arctic ice
algae is not immediately obvious. Their persistence is
threatened by the rapid loss of sea ice, but this threat may
be offset by the replacement of MYI with FYI. That is, ice
algal habitat may be decreasing because less sea ice is
available for a shorter period of time or, alternatively, it
may be increasing because thinner FYI and snow transmit
more light for photosynthesis. For example, Stroeve et al.
(2021) found that thinner snow led to increased under-ice
light in the Arctic’s marginal seas in April and in the entire
Arctic Ocean in July between 2011 and 2018. An inter-
comparison of five numerical Arctic marine ecosystem
models exhibited no consistent trends in ice algal produc-
tion over 1980-2009 despite thinning ice and snow, but
demonstrated the importance of the balance between
a stable sea ice cover (marked by thicker ice) and sufficient
light transmission: there were both positive and negative
correlations between ice algal productivity and maximum
ice thickness (Watanabe et al., 2019).

In this study, we examined Arctic ice algal response to
the reduction in overall sea ice extent and the increase in
FYI over the 1985-2018 period. We combined remote
sensing, reanalysis data, and modeling products with
a radiative transfer model to assess changes in the extent
and duration of the ice algal habitat. Here, the term
“habitat” describes a physical environment that supports
net positive photosynthesis by ice algae, based on sea ice
and snow characteristics and the corresponding light
transmission to the ice algal layer. This study focuses on
spring blooms of bottom ice algae, which account for
a majority of ice algal biomass and production in the
Arctic Ocean (Leu et al., 2015; Arrigo, 2017). We chose not
to model an accumulating ice algal pool nor consider
nutrient availability due to the relatively sparse distribu-
tion of surface nutrient samples, particularly in the Cen-
tral Basin (Codispoti et al., 2013; Randelhoff et al., 2020;
Wiedmann et al., 2020). In relying more heavily on Arctic
sea ice observations, we avoid the uncertainty present in
many numerical models of Arctic sea ice algae, which
show little agreement, especially on decadal time scales
(Watanabe et al., 2019). Instead, the assessment focuses on
how changing physical conditions have altered the
amount of algal habitat over 34 years and the implications
for the future of the Arctic Ocean in the face of global
climate change.

2. Methods

The bottom layer of Arctic sea ice was assessed for its
potential as ice algal habitat between 1985 and 2018.
Atmospheric reanalysis, snow evolution modeling, and sea
ice satellite and reanalysis products were used to charac-
terize the physical ice environment and calculate whether
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Figure 1. Arctic sea ice regions. Regions are
superimposed on the winter ice extent in the year
2000. The Central Basin is defined by the 1,000 m
isobath and is surrounded by the peripheral seas. The
Barents and Chukchi seas are categorized as inflow
shelves and Baffin Bay and the Canadian and Nordic
regions are outflow shelves. The rest are interior
shelves. Dotted black circles are lines of latitude,
5° apart.

the PAR transmitted to the bottom of the ice was suffi-
cient to support net positive ice algal photosynthesis. All
inputs were regridded in NASA SeaDAS (version 7.5.3) to
a 12.5 km polar stereographic grid. Habitat potential was
determined each day from January to July for all sea ice
above the Arctic Circle at 66.5°N.

2.1. Arctic regions

Most sea ice in the Arctic is free-drifting and can move
substantially over the course of the ice season. Our assess-
ment did not explicitly account for ice floe movement and
instead treated the Arctic as a Eulerian set of spatially
fixed sea ice pixels. As a result, characterizing habitat suit-
ability and duration at the 12.5 km pixel scale over 7
months would be somewhat inaccurate. Light transmis-
sion and ice algal photosynthesis were calculated every
3 h at the pixel scale to capture the daily spatial variability,
but all annual characteristics (e.g., ice freeze-up, yearly
average snow depth) and results are analyzed on larger
spatial scales (regions, latitudinal bands, or pan-Arctic). We
divided the Arctic Ocean into regions defined by their
bathymetry and flow patterns (Figure 1; Table 1; Car-
mack et al., 2006; Lewis et al., 2020). The Central Basin,
the deepest (about 4,000-4,500 m) and largest of the
regions, is separated by the 1,000 m isobath from three
types of peripheral seas (about 50-300 m): interior
shelves (the Beaufort, Siberian, Laptev, and Kara seas),
inflow shelves (the Chukchi and Barents seas), and outflow
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shelves (Baffin Bay and the Canadian and Nordic regions).
Given the size of these regions and the mostly zonal move-
ment of sea ice in the Arctic (Wei et al., 2019), sea ice
largely remains within the same region for a single
January—July period, making a region a useful unit for
yearly assessment and analysis. Note that the Canadian
Arctic Archipelago was omitted from most of our analyses
due to insufficient sea ice data.

2.2. Ice algal habitat potential

The Arctic EASE-Grid sea ice age product (Version 4, 12.5 km,
weekly resolution; Tschudi et al., 2019) was used to
approximate sea ice thickness (Figure 2B and C) from
1985 to 2018. The ice age product uses Lagrangian track-
ing to track the motion and age of each ice parcel.
Although some remotely sensed ice thickness products
exist, they do not span the length of this time series, while
using the multi-decadal record of ice age enables longer
and more consistent coverage (Tschudi et al., 2020). We
leveraged the fact that ice age is strongly related to ice
thickness (Maslanik et al., 2007; Tschudi et al., 2016) to
obtain spatial information on sea ice thickness.

First, ice age, given in years, was converted to ice age
in days, based on the number of days since freeze-up.
The freeze-up date for each year was approximated as
the date when a specified proportion (0.5 in the standard
run; Table 2) of a 2° latitudinal band in a “grouped
region” was ice-covered. The grouped regions were 1) the
Central Basin, 2) the Chukchi and Beaufort seas, 3) the Cana-
dian Arctic, Baffin Bay, and Nordic region, 4) the Barents
Sea, and 5) the Kara, Laptev, and Siberian seas. Because ice
may freeze as early as September and the ice algal assess-
ment is run through the following July, ice age is the
parameter most likely to be affected by sea ice motion.
Having grouped regions that were wide in the east-west
direction, but narrow in the north-south direction was
a compromise between retaining ice within the same
grouped region all year and characterizing freeze-up on
a finer spatial scale.

The following saturating function was then used to
determine ice thickness (m) from age (d):

k élgé’ (1)
+ age

thickness = max

where an ordinary least squares regression calibrated with
the Tschudi et al. (2016) compilation of average spring
(February—March 2004-2008) Ice, Cloud, and land Eleva-
tion Satellite (ICESat) ice thicknesses gave k = 155.08 d™"
and max = 2.90 m. Ice >5 years old was omitted from the
regression because higher age estimates are considered
imprecise (Tschudi et al., 2019), but was included in the
actual assessment.

Snow depth inputs were from SnowModel-LG,
a Lagrangian snow evolution model (Version 1, daily,
25 km resolution; Liston et al., 2020; Stroeve et al.,
2020). We used the SnowModel-LG product forced by
the European Centre for Medium-Range Weather Fore-
casts ReAnalysis-5th Generation (ERA5; Figure 2D).
Because snow depth is expected to vary substantially
within each pixel (Mundy et al., 2005; Abraham et al.,
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Table 1. Yearly maximum ice extent mean and
standard deviation (SD) for each region, 1985-
2018 (n = 34)

Maximum Ice Extent

Region Mean (km?) SD (km?)
Central 4,062,647 495
Chukchi 697,495 0?
Beaufort 117,546 0?
Baffin 541,020 392
Nordic 647,785 127,052
Barents 868,024 144,243
Kara 606,452 2,106
Laptev 378,894 0*
Siberian 895,675 218
Pan-Arctic 9,049,555 244,731

@ For some regions, the ice extent does not vary, as the winter ice
extent above the Arctic Circle is not changing, unlike ice extent
in other seasons or areas of the Northern Hemisphere.

2015), we applied a subpixel snow depth distribution to
each pixel. Although ice thickness will also vary on the
subpixel spatial scale, snow depth variability is expected
to have a greater effect on light transmission and thus
ice algal habitat, in part because snow has a much
higher diffuse attenuation coefficient (K,) than ice (Per-
ovich et al., 1986). Furthermore, the range of snow
depths within one pixel is greater than that of ice and
can span one to two orders of magnitude (Mundy et al.,
2005). Each pixel was divided into nine subpixels. The
SnowModel-LG snow depth was treated as the average
for the pixel, and for each subpixel was multiplied by
one of nine multipliers (0.102, 0.272, 0.427, 0.532,
0.721, 0.952, 1.310, 1.740, 3.310). The multipliers
approximate a lognormal distribution (mean = 1, stan-
dard deviation = 0.25) that matches the in situ snow
distribution on Antarctic sea ice (Arrigo et al., 1998) but
should also apply here.

The PAR penetrating the ice and snow in each subpixel
was determined following Arrigo et al. (1991). Diffuse and
direct downwelling surface irradiance at the air-snow or
air-ice interface were calculated using a spectral atmo-
spheric radiative transfer model (Figure 2A; Gregg and
Carder, 1990; Arrigo et al., 1998). Atmospheric inputs were
from the National Centers for Environmental Prediction/
National Center for Atmospheric Research (NCEP/NCAR)
Reanalysis Project 1 (4x daily, T62 Gaussian grid; Kalnay et
al., 1996) and NASA’s Ozone Record (daily, 1° resolution).
Surface irradiance was also corrected for clouds (Dobson
and Smith, 1988). The surface specular reflection of inci-
dent irradiance was based on the surface type: specular
reflection was 5% of diffuse and direct light for snow and
5% of diffuse light and a sun angle-dependent percent of
direct light for bare ice (Arrigo et al., 1991). The remaining
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light was transmitted through the snow (if present) and
ice layers, following Beer's law:

Ey(z,\) = Ez(0, \)e KeWz (2)

where E(z,)) is the spectral downwelling irradiance (pmol
photons m™ s™' nm™') of wavelength X (nm) at the bot-
tom of a snow or ice layer of thickness z (m), £40,)) is the
spectral downwelling irradiance at the top of the layer,
and Ky()) is the spectral diffuse attenuation coefficient
(m™") for that layer. Different K spectra were used for dry
snow, a scattering layer of white ice, and interior white ice
(Table 2; Perovich et al., 1986). E{\) was calculated at the
top of the ice algal layer (Table 2) every 3 h and spectrally
integrated to calculate the total PAR available to ice algae
for each subpixel.

The gross chlorophyll a (Chl a)-specific photosynthetic
rate (P in g C g”' Chl a h™') supported by the transmitted
PAR (umol photons m™* s™') in each subpixel was calcu-
lated as:

_ a(PAR)
P="P,, (1 — T ) (3)

where P, is the maximum photosynthetic rate (g C g
Chl a h™") and « is the slope describing the relationship
between irradiance and photosynthetic rate before light-
saturation (g C g' Chl a h™' [umol photons m™ s™']™").
The values of P, and o in the standard run were from
a pan-Arctic compilation of photosynthetic parameters
measured on bottom ice algae (Table 2; van Leeuwe et
al., 2018). We averaged the values from pack and landfast
ice cores. A similar compilation of Arctic P, and o mea-
surements was checked for a correlation to ice thickness or
snow depth, but no consistent relationship was found—
hence the choice to use constant values.

A constant Chl a-specific respiration rate (R, in g C g
Chl a h™"), independent of transmitted PAR, was sub-
tracted from P to calculate the net Chl a-specific photo-
synthetic rate. In the standard run, R was based on the
dark respiration rate of ice algae in the bottom of FYI in
Resolute Passage (Table 2; Suzuki et al., 1997). Light trans-
mission and the corresponding net Chl a-specific photo-
synthetic rate were calculated every 3 h and integrated
over 1 day for each subpixel. If the net Chl a-specific
photosynthetic rate was >0 for the day, then the subpixel
was considered potential habitat for ice algae. The subpix-
els were then spatially recombined to determine the pro-
portion of each pixel that is potential habitat (range 0/9
to 9/9) each day (Figure 2F).

For a given year, the season of ice algal growth ended at
each pixel when 2-m air temperatures (NCEP/NCAR Rea-
nalysis 1) remained above 0°C for 96 h (Figure 2E). This
metric approximates the time of year when both the snow
and bottom ice begin to melt, causing algae to slough off
the bottom of the ice (Lavoie et al., 2005; Oziel et al.,
2019; Sorrell et al., 2021). The 96-h threshold distin-
guishes between a temporary warm period and the actual
seasonal melt. If a pixel did not reach the 96-h threshold
during January to July for a given year, then the melt date
was set to July 31. Dates are often reported as the day of
the year (DOY), ranging from 1 to 365.
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Figure 2. Examples of ice algal habitat assessment inputs and output. (A) Downwelling incident
photosynthetically active radiation (PAR) at noon, (B) sea ice age, (C) sea ice thickness, (D) snow depth, (E) melt
date reported as the day of the year (DOY), and (F) potential ice algal habitat. All plots show data for May 15, 2000,
except for melt date, which is relevant for the entire year 2000.

2.3. Analysis and statistics

A metric of habitat-days (km? d) was developed to charac-
terize the duration and location of potential ice algal hab-
itat in the spring. The proportion of potential habitat was
calculated for each day and summed from January to July
for each pixel. All pixels were then summed spatially over
different areas of interest for analysis: the entire Arctic,
individual regions (Figure 1), and 5° latitudinal bands.
Here we largely report normalized habitat-days (d), which
normalizes the habitat-day metric by the maximum ice
extent of the relevant area and can be thought of as the
spatially averaged duration of potential habitat. That is,
normalized habitat-days would equal the length of the ice

algal growing season if 100% of the area was potential
habitat or twice the length of the growing season if only
50% of the area was potential habitat.

Habitat-days is analogous to the unit of degree-days
used in studies of the effects of ocean and atmospheric
warming and incorporates several nuances that are partic-
ularly useful when examining Arctic ice algal habitat.
Habitat-days accounts for variable snow depths, and thus
variable habitat, on a subpixel scale. It also remains a use-
ful large-scale metric despite moving ice floes and despite
the extreme horizontal patchiness of ice algal habitat,
because a large number of habitat-days could result from
a few days of habitat over a large area or many days of
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Table 2. Ice algal habitat assessment parameters

Lim et al: Increases in Arctic sea ice algal habitat, 1985-2018

Parameter® Standard Run Value Units
Prnax 0.70° gCg'Chlah™

o 0.10° g Cg™' Chl a h™! [umol photons m™2 7|
Respiration rate 0.22¢ gCg'Chlah
Scattering layer thickness 0.30¢ m

Diffuse attenuation coefficient of dry snow 22.33¢ m™!

Diffuse attenuation coefficient of scattering ice 5.35¢ m™!

Diffuse attenuation coefficient of interior ice 1.68° m™'

Melt date threshold 96 h

Freeze-up threshold 0.5 unitless

Suitable habitat threshold 7.32 days

Algal layer location 0.05 m

? Pmax = maximum photosynthetic rate; o = the slope describing the relationship between irradiance and photosynthetic rate before

light-saturation.

® van Leeuwe et al. (2018).
¢ Suzuki et al. (1997).

4 Perovich (2002).

¢ Diffuse attenuation coefficients are spectral; here we report the mean for 400-700 nm (Perovich et al., 1986).

f Measured from the ice-water interface at the bottom of the sea ice (van Leeuwe et al., 2018).

habitat over a small area. For example, both 1 km? of sea
ice that is potential habitat for 10 days and 5 km? of sea
ice that is potential habitat for 2 days would be measured
as 10 habitat-days. Furthermore, the habitat-days calcula-
tion does not assume that ice algal habitat is continuous
over the course of a year, which may be the case, for
instance, if a spring storm deposits a lot of snow. We report
normalized habitat-days because, as a spatial average, the
scale is easier to conceptualize (e.g., hundred-thousands to
millions of habitat-days versus <100 normalized habitat-
days) and enables comparisons between regions of vastly
different sizes.

To quantify total ice algal habitat extent, any pixel
that met a threshold number of habitat-days during
a given year was considered suitable habitat. The 7.32-
day threshold in the standard run is the time needed for
the ice algal population to triple at a typical light-replete
growth rate (Table 2). The area of suitable habitat was
spatially summed and normalized to the maximum ice
extent of the Arctic, a given band, or a given region to
obtain the proportion of suitable ice algal habitat for
that area.

To examine how environmental variables related to one
another, bivariate correlations between snow depth and
ice thickness or age (proportion of FYI) were calculated
with simple linear regressions (ordinary least squares)
implemented in Python's SciPy package (Virtanen et al.,
2020). A significance threshold of p < 0.05 was used for all
statistical tests in this study. MYI was defined as any sea ice
2 years or older in the Tschudi et al. (2019) product, which

increments the age of all sea ice by 1 year on the date of
the summer sea ice minimum. FYI is therefore any sea ice
that forms after the summer minimum.

Time series trends with 34 annual observations were
calculated with a Mann-Kendall Trend test with an accom-
panying Theil-Sen estimator, a non-parametric method for
analyzing increasing or decreasing trends (Mann, 1945;
Sen, 1968; Kendall, 1975). The Mann-Kendall test produces
a p-value to indicate the significance of the trend, while
the Theil-Sen estimator calculates the slope of the trend.
The modifications suggested by Yue and Wang (2004)
were made to account for possible serial correlation in the
time series, as implemented in Python’'s pymannkendall
package (Hussain and Mahmud, 2019).

Multiple linear regressions (ordinary least squares)
were used to determine the relative importance of differ-
ent physical inputs in controlling the habitat duration,
quantified as normalized habitat-days. The explanatory
variables considered were ice thickness, snow depth, lati-
tude, daylength, incident light, and the bottom ice melt
date, averaged spatially and temporally (January—July), for
a particular year and region. Latitude was removed from
the regression because it was the only explanatory variable
that was insignificant and because latitude is directly
related to daylength, which was already included. The
remaining explanatory variables were inspected visually
for linear relationships with the response variable and
checked for colinearity using the variance inflation factor
(VIF). VIF was <3 for all variables, indicating only moder-
ate correlation; VIF > 5 is often considered problematic
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Figure 3.Trends in sea ice extent and age. Annual pan-Arctic (A) maximum sea ice extent, (B) proportion of first-year
ice (FYI) during the winter maximum, and (C) maximum FYI and multiyear ice (MYI) extent projected until 2100.
Trend lines indicate a significant trend based on a Mann-Kendall Trend test with an accompanying Theil-Sen slope
estimate, which does not always produce the same fit as an ordinary least squares regression, but is robust for

nonparametric data.

(James et al., 2013). Because the residuals versus fitted
plots revealed unequal variance among groups, the
response variable of normalized habitat-days was trans-
formed by taking the square root. Residuals were also
checked for normal distribution via visual inspection of
quantile-quantile plots. Lastly, the relative importance
of each explanatory variable was estimated by the
Lindeman, Merenda, and Gold (Img) approach, which
attributes a portion of the overall regression’s R? value
to each variable (Lindeman et al., 1980). Lmg calculations
were bootstrapped (1,000 replicates) to create 95% confi-
dence intervals (Cls). All analyses related to the multiple
linear regression were conducted in R, with the Img
and VIF calculations implemented in the relimpo and
car packages, respectively (Gromping, 2006; Fox and
Weisberg, 2019).

2.4. Sensitivity analyses

To determine the sensitivity of our assessment to different
parameters, 2013 was used as a representative high hab-
itat year and 1995 was used as a representative low hab-
itat year. Individual parameters to assess (Table 2) were
then varied by +50%. The percent change from the stan-
dard run in pan-Arctic normalized habitat-days and the
pan-Arctic proportion of suitable habitat was calculated
for each of the 2 years. We also report the difference in
habitat between the 2 years for each sensitivity run
because this study emphasizes time series trends.

This study focuses on bottom ice as the major potential
habitat for ice algae, which is most likely true in FYI (Leu
et al., 2015; Arrigo, 2017). Some MYI cores have found
peaks in ice algal biomass up to 1 m above the ice-
water interface, perhaps accumulating in layers of growing
ice each year or migrating vertically towards the sunlight
(Gradinger, 1999; Olsen et al., 2017). We conducted an
additional sensitivity analysis to estimate the contribution
of interior MYI to ice algal habitat by moving the algal
layer in MYI to 1 m above the ice-water interface and
keeping 0.05 m in FYL

3. Results

3.1. Sea ice and snow conditions

Above the Arctic Circle, yearly maximum sea ice extent
decreased from 9.3 x 10° to 8.7 x 10° km? over our 34-
year study (Figure 3A), with most variation located in the
Nordic region, the Barents Sea, and, to some extent, the
Kara Sea (Table 1). As the summer minimum ice extent
decreased more rapidly than the winter maximum, FYI
extent increased from 3.5 x 10° to 5.5 x 10° km? (Figure
3C). This dramatic increase from 37% to 63% FYI (Figure
3B) corresponded with a 0.08 m decade™' decrease in aver-
age sea ice thickness (Figure 4A). Regionally, the propor-
tion of sea ice that was FYI increased in all regions except
the Laptev Sea, Baffin Bay, and the Nordic region. The Lap-
tev Sea is a region that was already almost entirely (mean =
98%) FYI1, while Baffin Bay and the Nordic region exhibited
decreases in FYI extent that almost matched the decreases
in MYI extent (Figure S1). The areas with the highest pro-
portion of FYI also had the thinnest ice. For example, the
four regions that averaged >90% FYI in 1985-2018 were
the only regions with an average ice thickness <1.65 m
(Baffin, Barents, Kara, and Laptev; Table 3). MYI was a major
component of the total sea ice in some regions—the Central
Basin, Chukchi Sea, Nordic region, and Siberian Sea—but
based on the relative size of each region, the Central Basin
was the main refuge of thick (mean = 2.28 m) MYI. The ice
thicknesses reported here are averaged from January to
July, and thus do not fully capture the annual cycle of sea
ice growth, as described in Section 2.2. Declines in ice age
and thickness were concentrated in the Central Basin and
the Chukchi and Siberian seas, where trends of —0.13 to
—0.14 m decade ™" were an order of magnitude above those
in other regions.

Regional averages of snow depths on Arctic sea ice
ranged from 0.067 to 0.194 m (Table 3). As with ice
thickness, the January—July metric obscures the variation
in snow depth within 1 year, with snow depth usually
peaking around March or April and then rapidly dropping
off in June (Stroeve et al., 2020). Snow depth was corre-
lated positively with ice thickness (R = 0.75, n = 306
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Figure 4. Trends in ice algal habitat assessment inputs and outputs. Annual pan-Arctic (A) sea ice thickness, (B)
snow depth, (C) downwelling incident photosynthetically active radiation (PAR), (D) melt date reported as the day of
the year (DOY), (E) normalized habitat-days, and (F) suitable habitat extent. A—C are averaged over January—July, while
D-F are annual metrics. Trend lines indicate a significant trend based on a Mann-Kendall Trend test with an
accompanying Theil-Sen slope estimate, which does not always produce the same fit as an ordinary least squares

regression, but is robust for nonparametric data.

regions and years) and negatively with the proportion of
FYI (R =-0.72, n = 306 regions and years), demonstrating
how the oldest ice tends to accumulate the thickest snow
cover. All regions except the Central Basin, the Beaufort
Sea, and Baffin Bay saw decreasing snow depths, for a pan-
Arctic rate of —0.003 m decade ' (Figure 4B).

3.2. Atmospheric conditions

Cloud-corrected incident light increased each year during
the transition from polar night to spring, and was as high
as 1500 pmol photons m™ s™'. Though annually variable,
cloud cover did not cause a notable shift in average inci-
dent light during the 34-year time series (Figure 4C). Four

of the regions did exhibit slight trends, with average inci-
dent light increasing in Central Basin and the Laptev Sea
by 1.5 and 1.6 umol photons m™? s™' decade™, respec-
tively, and decreasing in Baffin Bay and the Barents Sea
by -3.2 and -0.8 pumol photons m % s™' decade™,
respectively.

Air temperatures generally warmed in June, with the
average melt date for all Arctic regions taking place from
June 2 (DOY 153) to June 26 (DOY 177; Table 3). Between
regions, melt dates were not related to latitude, as most of
the peripheral seas had later average melt dates than the
Central Basin. The Nordic region had the earliest average
melt date, consistent with the melting and re-freezing
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Table 3. Ice, snow, and melt conditions as means + standard deviations (SD) and trends for January to July,

1985-2018 (n = 34)

Proportion FYI Ice Thickness Snow Depth Melt Date
Trend
Mean =+ (prop. Mean + Trend Mean + Trend Mean =  Trend (days
Region  SD (prop.) decade™) SD(m) (m decade™) SD (m) (m decade™) SD (DOY?) decade™)
Central  0.23 £ 0.14 0.11 2.28 £ 0.15 -0.13 0.194 + 0.023 n.t 158 + 4 n.t.
Chukchi  0.61 = 0.19 0.15 1.89 + 0.18 -0.14 0.122 £ 0.032 -0.013 165 =+ 6 -2.6
Beaufort 0.85 + 0.15 0.02 1.67 £ 0.14 n.t. 0.067 = 0.021 n.t. 165 £ 8 2.6
Baffin 0.96 + 0.01 nt? 1.51 + 0.06 0.04 0.088 + 0.018 n.t. 177 + 6 -2.3
Nordic 0.47 £ 0.09 n.t. 1.99 + 0.09 n.t. 0.162 £ 0.039 0.012 153 £ 8 -2.3
Barents  0.91 *+ 0.06 0.01 146 + 0.13 nt. 0.072 + 0.020 -0.009 162 £ 5 n.t.
Kara 0.96 + 0.07 0.01 1.63 + 0.06 -0.01 0.130 + 0.034 -0.017 163 £ 7 2.7
Laptev 0.98 + 0.05 n.t. 1.62 + 0.04 nt 0.093 £ 0.018 —-0.009 165 £ 8 -2.8
Siberian  0.68 + 0.25 0.14 1.86 + 0.21 -0.14 0.149 + 0.030 —-0.008 159 £ 8 -5.7
Pan- 0.52 £ 0.09 0.08 2.01 £ 0.09 -0.08 0.152 £ 0.01 —-0.003 161 £ 3.8 -14
Arctic

2 DOY = day of the year.

® n.t. = no significant trend.

Table 4. Normalized habitat-days, proportion of suitable habitat, and start date as means + standard

deviations (SD) and trends for 1985-2018 (n = 34)

Normalized Habitat-Days Proportion Suitable Habitat Start Date
Mean + SD Trend (days Mean + SD Trend (prop. Mean + SD Trend (days
Region (days) decade™) (prop.) decade™) (DOY?) decade™)
Central 82+ 30 2.1 0.33 £ 0.15 0.10 114 £ 7 -6.1
Chukchi 280 £ 71 1.7 0.82 £ 0.11 0.09 91+ 8 -6.0
Beaufort 472 + 85 2.5 0.98 + 0.03 n.t 82+t5 -1.2
Baffin 495 + 75 -1.6 0.96 + 0.01 n.t. 77 £ 2 1.5
Nordic 15.0 + 3.7 n.t’ 0.56 + 0.13 n.t. 91+7 2.2
Barents 272 £ 54 -1.0 0.81 + 0.08 -0.02 82+ 4 n.t.
Kara 242 £ 5.8 14 0.90 £ 0.09 nt 912 -0.9
Laptev 320+ 75 n.t. 0.98 + 0.04 n.t. 88 + 2 -0.4
Siberian 192 + 64 n.t. 0.75 £ 0.17 0.08 9% £ 9 -4.8
Pan-Arctic 186 = 2.3 0.7 0.59 + 0.09 0.05 100 + 4 =31

2 DOY = day of the year.

P n.t. = no significant trend.

frequently seen in the sea ice data in that region (Tschudi
et al., 2019). Six regions trended towards earlier melt dates
by 2-3 days decade . The exceptions are the Central
Arctic and the Barents Sea, which both featured no trend
in melt dates, and the Beaufort Sea, which trended
towards later melt dates (2.6 days decade™'; Table 3). The
Siberian Sea featured the most dramatic shift to earlier
melt dates at a rate of 5.7 days decade™". Over the 34-year

time series, the average pan-Arctic melt date shifted from
June 12 (DOY 163) to June 7 (DOY 158; Figure 4D).

3.3. Ice algal habitat-days

Arctic sea ice first supported net positive ice algal photo-
synthesis in mid-March and April, transmitting enough
light as early as March 18 (DOY 77) in Baffin Bay and as
late as April 24 (DOY 114) in the Central Arctic (Table 4).
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Figure 5. Normalized ice algal habitat-days. Ice algal habitat-days are normalized to a given (A) region or (B)
latitudinal band, colored by year. Significant increases (+) and decreases (—) over time are marked above the x-axis.

Across the Arctic, the start of ice algal growth shifted earlier
by 3.1 days decade™, but this was largely driven by 1.5 to
2 times greater trends in the Central Basin and the Chukchi
and Siberian seas. In contrast, the timing of sufficient light
transmission in Baffin Bay and the Nordic region trended
in the opposite direction, and between 1985 and 2018,
sea ice started to support ice algae later in the year.

The metric of normalized habitat-days represents the
spatially-averaged duration of ice algal habitat. Due to its
nature as a spatial average, this metric is not necessarily
congruent with the number of days between the start and
melt dates for each region. The range in the average num-
ber of normalized habitat-days among the different
regions was large, with the smallest being 8.2 days in the
Central Arctic and the largest being 47.2 days and 49.5
days in the Beaufort Sea and Baffin Bay, respectively
(Figure 5A; Table 4). When divided into 5° latitudinal
bands, an almost stepwise relationship between normal-
ized habitat-days and latitude was observed, with the least
habitat at higher latitudes (Figure 5B). There was a fair
degree of interannual variability in normalized habitat-
days, with pan-Arctic values rising or falling by up to
36% (average difference of 2.1 days) from year to year.
Over the 34-year time series, regional trends in normalized
habitat-days differed in both direction and magnitude,
with 1.4-2.5 days decade ' increases in the Central Basin
and the Chukchi, Beaufort, and Kara seas and 1.0-1.6 days
decade™! decreases in the Barents Sea and Baffin Bay,
respectively (Figure 5A; Table 4). Normalized habitat-
days increased in each latitudinal band, except for
a decrease in the southernmost band (66.5-70°N; Figure
5B). On a pan-Arctic scale, this increase translates to the
average ice algal growth season lengthening by 2.4 days
over the 34-year period (Figure 4E). When related to ice
age, both regions and latitudinal bands with a greater
proportion of FYI had more normalized habitat-days
(Figure 6A and C; R = 0.64 for regions and R = 0.93
for latitudinal bands).

A multiple linear regression explained 91.7% of the
variance in the square root of normalized habitat-days
between Arctic regions using ice thickness, snow depth,
daylength, incident light, and melt date as predictors.
Snow depth was the most important predictor, explaining
28.1% of the variance in the square root of normalized
habitat-days. Ice thickness and melt date were the next
most important and were statistically indistinguishable,
explaining 21.7% and 22.4% of the variance, respectively.
Lastly, incident light accounted for 16.0% and daylength
accounted for 3.4% of the variance. Separate multiple
linear regressions using the same predictor and response
variables were conducted for each region. The best predic-
tor was quite variable among regions: snow depth was the
most important in Baffin Bay and the Chukchi, Beaufort,
and Kara seas, melt date was the most important in the
Nordic region and the Laptev and Siberian seas, ice thick-
ness was the most important in the Central Basin, and
incident light was the most important in the Barents Sea.
Confidence intervals and more details on the multiple
linear regressions are reported in Table S1.

3.4. Suitable ice algal habitat extent

The area of suitable habitat, which we defined as support-
ing at least a tripling in the initial ice algal population,
increased from 4.4 x 10° to 5.7 x 10° km? (Figure 4F) or
from 48% to 66% of sea ice above the Arctic Circle
between 1985 and 2018.The 0.4 x 10° km? decade™' rate
of increase in suitable habitat was twice the rate of Arctic
sea ice loss. This trend emerges despite average interan-
nual differences of £6% suitable habitat. Four regions
(Beaufort, Baffin, Kara, Laptev) were >90% suitable on
average and did not experience any change over the time
series (Table 4; Figure 7A). Of the five remaining regions
that were <90% suitable on average, three (Central,
Chukchi, Siberian) exhibited positive trends in the propor-
tion of suitable habitat, while the Barents Sea was the only
region where suitable habitat decreased (-0.02 decade™).
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Figure 6. Correlation between the proportion of first-year ice and ice algal habitat. The proportion of sea ice that
is first-year ice (FYI) is shown for each year and (A and B) region or (C and D) latitudinal band. Ice algal habitat is quantified
by (A and C) pan-Arctic normalized habitat-days and (B and D) the proportion of the Arctic that is suitable habitat.

The Nordic region stands out as the region with some of
the least suitable habitat—56% on average and second only
to the Central Basin (33% suitable)—yet it showed no trend.
Notably, only the Central Basin and the Chukchi Sea fea-
tured positive trends in both normalized habitat-days
(2.1 and 1.7 days decade™’, respectively) and the proportion
of suitable habitat (0.10 and 0.09 decade™, respectively).
When divided into latitudinal bands, a nearly stepwise rela-
tionship was again observed, where higher latitudes had
less suitable habitat (Figure 7B). However, higher latitude
bands also had a wider range in the proportion of suitable
habitat during the study period; for example, the 85-90°N
band was anywhere from 0 to 73% suitable, depending on
the year. All latitudinal bands except 66.5-70°N had a pos-
itive trend in the proportion of suitable habitat. The influ-
ence of ice age on habitat extent was similar to that on
normalized habitat-days: the greater the proportion of FYI
in either a region or latitudinal band, the higher the pro-
portion of suitable habitat (Figure 6B and D; R = 0.86 for
regions and 0.94 for latitudinal bands).

3.5. Sensitivity analyses

Our assessment was moderately sensitive to parameter
variations of +50%, and more so with respect to pan-
Arctic normalized habitat-days than the proportion of
suitable habitat (Table 5). The assessment was the most
sensitive to R and the K of interior ice, which were the
only parameters to induce >50% changes in both habitat
metrics and in the difference between the low habitat year
(1995) and high habitat year (2013). Varying the K, of dry
snow and o also increased the difference in normalized
habitat-days between 1995 and 2013 by >50%, but had
a smaller effect on the other metrics. Moving the algal
layer in MYI from 0.05 m to 1 m above the ice-water
interface results in a 5% increase in light transmission
to the algal layer, based on the value used for the K, of
interior ice (Table 2). The addition of interior communi-
ties in MYI then increased the proportion of suitable hab-
itat by up to 57.5% of the control run for the entire Arctic
(Table 5). Most importantly, while the magnitude of the
difference between the years did vary, the direction of
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difference was always the same. That is, 2013 always main-
tained a greater extent and longer duration of habitat
compared to 1995.

4. Discussion

In this study, we quantified Arctic bottom ice algal hab-
itat and its response to climate change at larger spatial
(pan-Arctic) and longer temporal (1985-2018) scales
than previously reported. Thirty-four years of sea ice
observations were used to calculate radiative transfer to
the ice algal layer. In particular, we leveraged the length
of the sea ice age record, an approach which is distinct
from other observation-based studies that are con-
strained to shorter periods (e.g., Lange et al., 2017;
Stroeve et al., 2021) and from studies that use Earth
system models to represent sea ice growth (e.g., Wata-
nabe et al., 2019). The new metric of (normalized)
habitat-days was developed to jointly assess ice algal
habitat duration and extent in the face of high temporal
and spatial variability. The metric of suitable habitat
extent (or proportion) is used to report a more intuitive
measurement of the spatial dominance of ice algal hab-
itat. Overall, we assessed the balance between the
decrease in Arctic ice extent, which is expected to be
detrimental to ice algae, and the replacement of MYI
with optically thinner FYI, which is expected to favor ice
algae. Our study finds that: 1) approximately half of Arc-
tic sea ice is suitable ice algal habitat, with snow depth,
the date of bottom ice melt, and ice thickness acting
as the primary drivers of habitat extent and duration;
2) habitat increased in extent and duration between
1985 and 2018 due to the increase in FYI; and 3) the
annual timing of habitat has shifted to earlier in the
spring. Below we discuss these findings and the implica-
tions for the continually melting sea ice environment in
the Arctic Ocean.

4.1. Status and drivers of Arctic ice algal habitat
According to our habitat assessment for 1985-2018, 48—
66% of Arctic sea ice north of 66.5°N is suitable habitat
for bottom ice algae in spring. To our knowledge, Lange et
al. (2017) is the only other study to provide an estimate of
ice algal habitat extent in the Arctic, by identifying
a threshold light transmittance for ice algal growth, calcu-
lating the transmission through five categories of ice
type/snow cover, and then applying the resulting cate-
gories to remotely sensed sea ice and snow. Our estimates
are in line with their finding that 65% of ice was suitable
habitat in April 2013, although their study domain dif-
fered slightly (i.e., the present study includes Baffin Bay
and other lower latitude ice). The spatial patterns of ice
algal habitat are also comparable, with both studies find-
ing the area north of the Canadian Arctic the least suit-
able, due to the persistence of thick MYI (Figure 2; Lange
et al., 2017). However, we were also able to assess the
temporal evolution of ice algal habitat, both within each
year and over the 34-year time series.

Of the factors included in this assessment, snow depth
was the primary driver of regional and interannual varia-
tion in normalized habitat-days. A snow cover that is too
thick will not transmit enough light to support ice algal
growth, even though ice algae are extremely low-light
adapted and the compensation irradiance for ice algae is
estimated to be 0.17-10 pmol photons m™ s™' (Horner
and Schrader, 1982; Cota, 1985; Gosselin et al., 1985; Gos-
selin et al., 1986; Mock and Gradinger, 1999; Hancke et al.,
2018). Snow is optically thick; for example, according to
our radiative transfer model, 47 pmol photons m™ s™' of
an incident irradiance of 390 pmol photons m™ s
(example from noon on May 15, 2000) would be trans-
mitted through a 0.1-m snow cover to the snow-ice inter-
face. By the time the light reaches the algal layer through
1.5 m of ice, only 3 umol photons m™ s™" would remain.
Therefore, because snow has such a high K, (Table 2),
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Table 5. Sensitivity analysis for 1995 (low ice algal habitat year) and 2013 (high ice algal habitat year)

Normalized Habitat-Days

Proportion Suitable Habitat

% % %
Change Change  Diff. 2013—  Change Change  Diff. 2013-
Parameter® Treatment 1995 2013 1995° 1995 2013 1995°
Standard run N/A® N/A N/A 9.4 N/A N/A 0.32
Prmax +50% 116 112 10.4 (+1.0) 6.1 27 0.31(-001)
-50% -435 -430 5.4 (-4.0) -312 —208  0.30 (-0.02)
o +50% 306 28.9 11.8 (+24) 208 116  031(-001)
-50% —46.5 —48.1 4.6 (-4.8) -38.1 -34.8 0.22 (-0.10)
Respiration rate +50% ~45.0 -456 5.0 (-4.4) -3438 -283  0.26 (-0.06)
~50% 73.2¢ 672  14.8 (+5.4) 51.2 192 022 (-0.10)
Scattering layer thickness +50% -25.2 -25.3 7.0 (-2.4) -19.2 -12.8 0.31 (-0.01)
-50% 27.3 259 116 (+2.2) 18.2 103 0.31(-0.01)
Diffuse attenuation +50% -22.1 -24.1 6.8 (—2.6) -16.2 -11.6 0.30 (-0.02)
coefficient of dry snow ~50% 476 495  14.3 (+4.9) 29.9 149  0.29 (-0.03)
Diffuse attenuation +50% -37.7 -38.3 5.7 (-3.7) -29.6 -23.7 0.27 (-0.05)
fgffﬁde”t of scattering ~50% 417 389 126 (+32) 293 148 029 (-0.03)
Diffuse attenuation +50% -56.4 -59.2 3.4 (-6.0) -49.6 -53.5 0.13 (-0.20)
coefficient of interior ice ~50% 77.4 633  132(+38) 77.5 209 0.10 (-0.22)
Melt date threshold +50% 26.0 13.7 8.8 (-0.6) 10.5 67  0.32(0.00)
~50% -28.3 —24.1 7 (-16) -20.7 —9.9 034 (+0.02)
Freeze-up threshold +50% 6.08 7.0 10.2 (+0.8) 44 14 0.31 (-0.01)
-50% -0.5 15 8 (+0.4) 0.4 07  0.32(0.00)
Suitable habitat threshold +50% N/A N/A N/A -16.0 -104 0.31 (-0.01)
-50% N/A N/A N/A 26.6 14.1 0.30 (-0.02)
Algal layer location +50% 2.1 2.2 9.6 (+0.2) 16 0.9 0.32 (0.00)
-50% -23 22 2(-02) -16 ~09  0.32(0.00)
MYI algal layer location® 0.05to 1.0 m 34.1 17.1 .5 (-0.9) 57.5 16.4 0.14 (-0.18)

? Pmax = maximum photosynthetic rate; o = the slope describing the relationship between irradiance and photosynthetic rate before

light-saturation.

b Difference between years for the habitat metrics, with the direction and magnitude of change relative to the standard run in

parentheses.
¢ N/A = not applicable.
4 Bold indicates changes >50%.

¢ Algal layer in multiyear ice (MYI) moved from 0.05 to 1.0 m above the bottom of the ice (ice-water interface).

even minor variations in snow depth, which usually span
a range of 0—1 m, greatly alter the light available to ice
algae. Several other studies have similarly found that snow
depth plays a key role determining springtime under-ice
light fields (Stroeve et al., 2021) and ice algal bloom ini-
tiation (Welch and Bergmann, 1989; Bergmann et al.,
1991; Rysgaard et al,, 2001; Leu et al., 2015).

Although light attenuation (per meter) by sea ice is
much less than that by snow, ice thickness was almost
as important as snow depth in determining ice algal

habitat and extent. Its effect is clearly seen in the relation-
ships between the proportion of FYI and both normalized
habitat-days and the proportion of suitable habitat
(Figure 6), where regions and latitudinal bands with
a greater proportion of FYI are marked by thinner ice that
transmits more light. Sea ice age is also known to affect
snow depth, primarily because MYI can accumulate snow
early in the fall before the formation of FYI (Blanchard-
Wrigglesworth et al., 2015; Liston et al., 2020), and a neg-
ative correlation between snow depth and the proportion
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of FYI is confirmed in our analysis. Therefore, there is
a compounding effect where FYI both is thinner and gen-
erally supports a thinner snow cover, making it even more
conducive for ice algal growth.

The timing of bottom ice melt was another important
variable in explaining the variation in normalized habitat-
days. As the Arctic moves from winter into spring, both
light intensity and daylength (photoperiod) increase. Melt-
ing later in the year increases the chance that the trans-
mitted light will be sufficient to support net ice algal
growth. Similarly, the later the melt, the longer the ice
algal habitat can persist. Demonstrating how earlier melt
dates truncate the growing season, the Nordic region had
the earliest average melt dates (Table 3) and was one of
the regions where melt date was the most important pre-
dictor of normalized habitat-days. Daylength was a rela-
tively minor predictor in the multiple linear regression
because it does not vary interannually, but it is an impor-
tant factor seasonally.

Our sensitivity analyses demonstrate that the direction
of trends in normalized habitat-days and the proportion of
suitable habitat reported here remain the same when
parameter values are varied. Given that snow depth and
ice thickness were among the top controls of normalized
habitat-days, it is not surprising that the sensitivity analy-
sis highlighted the Kj of interior ice, and to some extent,
the K, of dry snow, as important parameters. As either of
these Kj values increases, the light available to ice algae
rapidly diminishes. The sensitivity analysis also identified
R, algal respiration, as important to both normalized
habitat-days and the proportion of suitable habitat. R off-
sets photosynthetic carbon fixation, and therefore alters
the amount of light required for net positive growth. The
values of K; and R are taken directly from published field
measurements (Perovich et al., 1986; Suzuki et al., 1997),
and so the uncertainty around these parameters is
unlikely to be as high as the +50% variation tested in
our sensitivity analysis. In contrast, the three parameters
that were designed for this study and thus are poorly
constrained were among the least sensitive parameters:
the thresholds for melt date, freeze-up, and suitable hab-
itat. Overall, our study design leverages known ice algal
characteristics to determine the circumstances that sup-
port ice algae. Moving the MY algal layer to 1 m above the
ice-water interface also notably increased the proportion
of suitable habitat, indicating that our focus on bottom ice
may underestimate total habitat. The magnitude of under-
estimation depends on factors that are even less under-
stood for interior ice, such as nutrient delivery to and algal
photophysiology within interior communities. Adding
interior MYI as potential habitat did not change our larger
finding that 1995, which had 56% MYI, featured less ice
algal habitat than 2013, which had 30% MYI (Table 5).
MYI remains a less favorable habitat than FYI because its
thick layer of snow transmits so little light.

Some simplifications were necessary to represent how
the snow and sea ice environment affect Arctic ice algal
habitat. For one, the bottom ice melt was determined
solely by air temperatures and did not vary under different
snow and sea ice conditions. In reality, how rapidly the sea
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ice warms in response to atmospheric forcing depends on
the snow cover, ice thickness, and ice algal biomass. As air
temperatures in spring begin to warm, a deep snow cover
minimizes heat transfer to the ice and can delay bottom ice
melt and ice algal release (Mundy et al., 2005; Juhl and
Krembs, 2010; Campbell et al.,, 2015; Hancke et al., 2018).
Thicker ice may similarly delay bottom ice melt, as trans-
mission of heat to the bottom layer takes longer in thicker
ice. In support of this effect, ice thickness has correlated
positively with ice algal bloom duration in some ecosystem
models (Watanabe et al., 2019). Under an extremely thin
snow cover (<0.05 m), local heating of the bottom ice as ice
algae convert PAR to heat can hasten ice melt (Zeebe et al,,
1996). In all three cases, including the effects of snow and
ice as thermal insulators may increase our estimates of
normalized habitat-days in areas with thick snow and ice,
such as the Central Arctic, but decrease our estimates in
areas with thin snow and ice, such as Baffin Bay and the
Beaufort, Barents, and Laptev seas. If we assume, for exam-
ple, that each additional 0.01 m of snow delays bottom ice
melt by up to 1 day (Grossi et al., 1987; from data published
in Campbell et al,, 2015), our estimate of normalized
habitat-days would change by approximately +15%.

Another simplification in our habitat assessment was
the use of a single snow texture and a uniform icescape,
which may underestimate light availability. We used a sin-
gle K, value for dry snow, while snow metamorphosis
(restructuring and reshaping of the snow crystal/grain)
over a season has been proposed to alter snow optical
properties enough to enable ice algal growth under a thick
snow cover in Greenland (Hancke et al., 2018). However, as
snow metamorphosis is tied to warming air temperatures,
it would likely add only a few days of ice algal growth to
our estimates before the bottom ice melts. We also
assumed a uniform ice thickness and icescape in each
12.5 km pixel, but ice age and type may have an even
greater influence on habitat suitability due to features like
hummocks and leads. MYl hummocks tend to have little
snow (<0.2 m) because they protrude above the adjacent
ice, thereby increasing the light that penetrates to the
bottom ice (Lange et al., 2017). Snow distribution surveys
in the Lincoln Sea (Central Arctic) suggest that hummocks
may be a feature in up to 15% of MYI (Lange et al., 2015).
Meanwhile, open and refrozen leads tend to form in thin-
ner, more dynamic ice environments and also allow
greater light transmission (Kauko et al., 2017). However,
under-ice or ice-edge phytoplankton, rather than ice algae,
may benefit more from increased light through leads
(Assmy et al., 2017; Kauko et al., 2017), as lead formation
is most associated with the start of sea ice breakup. Alto-
gether, ice algal habitat may respond even more dramat-
ically to the changing snow and ice environment than
represented here.

4.2. Habitat trends and implications for net primary
production

To understand the forces changing the Arctic sea ice envi-
ronment, examining the two atmospheric reanalyses
employed in this study is useful. The snow depth estimates
from SnowModel-LG were forced by ERA5, while the
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Gregg and Carder (1990) atmospheric radiative transfer
model and our melt date analysis used NCEP/NCAR Rea-
nalysis 1. Both ERA5 and NCEP/NCAR show strong warm-
ing trends over the Arctic, with the most severe changes
above the Central Arctic (Francis et al., 2017; Overland et
al,, 2018; You et al., 2021). As air temperatures increased
by 0.72°C decade™" (1979-2020; You et al., 2021), local
sea ice melt caused by Arctic warming was a major, though
not the only, contributor to the observed declines in sea
ice extent, thickness, and age (Stroeve and Notz, 2018).
Additional intertwined factors include the export of sea
ice out of the Arctic, self-amplification of ice loss through
the ice-albedo feedback loop, changing ocean and atmo-
spheric circulation patterns, and a positive Arctic Oscilla-
tion in the 1980s—1990s (Stroeve and Notz, 2018). The
thinning snow cover over much of the Arctic Ocean is
attributable to the decreased accumulation on FYI over
a shorter sea ice season, not to any long-term trends in
precipitation (Barrett et al., 2020; Stroeve et al., 2021).
As a result of the physical changes in the Arctic, sea ice
became a more favorable environment for ice algae in
spring over the 1985-2018 study period. Ice algal habitat
increased when measured both as normalized habitat-days
and as the proportion of suitable habitat. The rate of hab-
itat expansion outpaced the rate of winter ice loss, over-
powering any negative effect due to the overall decrease
in Arctic sea ice extent. Instead, the replacement of MYI
with FYI promoted habitat expansion. We attribute this
pattern to an increase in light transmission through thin-
ner snow and thinner, younger ice. Trends in the bottom
ice melt date cannot explain an increase in ice algal hab-
itat, as the shift towards earlier melt dates actually
decreases habitat, likely dampening the effects of thinner
snow and ice. Neither is changing cloudiness over the Arctic
Ocean likely to explain the large increase in ice algal hab-
itat, as trends in incident light were small in magnitude.
Taking the Central Basin as an example, the 5.1 pmol
photons m™* s™' increase over 34 years equals a 1.7%
increase in incident light, compared to a 29% decrease in
ice thickness. The multiple linear regression also revealed
that, of the variables considered, incident light explained
the least amount of regional and interannual variance in
normalized habitat-days. Thus, we conclude that the
decreased snow depth and ice thickness, which are both
related to a greater proportion of FYI, are the primary
causes of increased ice algal habitat duration and extent.
Taken together, the increase in habitat duration and
extent strongly suggest that net primary production in
Arctic sea ice has also increased over the last three and
a half decades; ice algae are likely fixing carbon over
a larger area for a longer period of time. This increase in
production has been predicted in several other studies
with regards to the future Arctic Ocean. Based on a general
understanding of the sea ice ecosystem, Leu et al. (2015)
suggested that a larger proportion of FYI and thinner
snow will increase ice algal blooms in the future. Tedesco
et al. (2012) modeled higher ice algal production off
the Greenland coast under a mild climate change sce-
nario (2071-2090), and Tedesco et al. (2019) modeled
higher ice algal production under Climate Model
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Intercomparison Project (CMIP)5 forcings (2061-2100),
particularly above 74°N due to the gain of FYI. We attri-
bute the ice algal habitat increase in our study to similar
drivers, but this study is one of the first to demonstrate
that this change is not just a future prospect but has
already been taking place on a large scale in the rapidly
melting Arctic Ocean. The possibility of a large-scale
increase in production is supported by a recent one-
dimensional ecosystem modeling study, which found that
ice algal production on the Chukchi shelf increased by
0.05 g C m* yr ' over a similar time period (1988-2018;
Payne et al., 2021). However, ice algal production esti-
mates (1980-2009) from five pan-Arctic ecosystem mod-
els are less clear, despite agreement that ice thickness and
snow depth decreased significantly across the Arctic
(Watanabe et al., 2019). Between these ecosystem models,
there were no trends in ice algal production in the Chuk-
chi Sea and the Barents Sea, two negative trends in the
Canada Basin, and two negative and one large positive
trend in the Eurasian Basin. A major source of intermodel
differences was the value chosen for the maximum ice
algal growth rate (0.85-4.0 d™"), which controls peak bio-
mass. Ice algal biomass was strongly correlated with ice
algal production (Watanabe et al., 2019), highlighting
a chain of connections that may demonstrate the advan-
tages of the approach taken in our study—minimizing the
need to accurately represent biological processes and
taking maximum advantage of satellite observations of
sea ice.

For increased ice algal habitat to result in increased
primary production, we must assume that all sea ice is
able to be colonized by ice algae and that surface nutrients
throughout the Arctic are sufficient to support ice algal
growth. Successful colonization depends on a sufficient
seed population of algae from the sediments, the water
column, or neighboring MYI (Garrison et al., 1983; Gradin-
ger and Ikavalko, 1998; Rézanska et al., 2008; Olsen et al.,
2017; Kauko et al., 2018). The survival of a seed population
is most challenging in the Central Arctic, where sediments
are extremely deep (about 4,000-4,500 m) and lower
light and nutrients are less likely to support pelagic
growth. Because ice algae have historically been found
across the Central Arctic once environmental conditions
are favorable (Gosselin et al., 1997; Gradinger, 1999; Mel-
nikov et al,, 2002), seeding material is not likely to be
limiting, especially at the large 12.5-km scale considered
here. With regards to nutrient availability, there is likely
sufficient nitrogen—the limiting nutrient in the Arctic
(Tremblay et al., 2015; Randelhoff et al., 2020)—through-
out the upper Arctic Ocean to sustain bottom ice algal
production for the entire bloom. Back-of-the-envelope cal-
culations demonstrate that maximum ice algal biomass of
350 mg Chl @ m™ in the peripheral seas and 10 mg Chl
a m* in the Central Basin (Arrigo, 2017) are unlikely to
exhaust winter surface nitrate concentrations of 10-15
and 1-5 umol L', respectively (Zhang et al., 2010; Ran-
delhoff et al., 2020), if the mixed layer depth is at least
5-10 m. The most likely cause of nutrient limitation of ice
algal growth is not a nutrient reservoir that is too small,
but rather, limited nutrient fluxes into the sea ice. The
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dominant mechanism of desalination in sea ice is gravity
drainage, wherein cold, saline brine is rejected during sea
ice growth and is replaced by less dense seawater (Notz
and Worster, 2009). The resulting exchange is the major
process supplying new nutrients to algae in the brine
network (Meiners and Michel, 2017). Similar convection
caused by the growth of the bottom skeletal ice layer
(Wakatsuchi and Ono, 1983) is a source of nutrients to ice
algae at the ice-ocean interface. The close ties between ice
growth and nutrient fluxes imply that nutrient replenish-
ment slows dramatically or stops when sea ice stops grow-
ing. In our study, we also consider this period to be the
end of the ice algal bloom, when cells slough off the
melting bottom ice. Therefore, the conditions under
which ice algae are most likely to experience nutrient
stress are not considered habitable by our metrics.

While trends in sea ice extent and thickness, snow
depth, melt date, and the extent and duration of ice algal
habitat are significant on a pan-Arctic scale, they tend to
be highly localized. The Central Basin and the Chukchi Sea
were the only regions that exhibited increases in both
normalized habitat-days and the proportion of suitable
habitat over our 34-year study. Increased habitat in the
Chukchi Sea can be explained by the fact that the Chukchi
Sea experienced some of the sharpest declines of the
entire Arctic in both ice thickness and snow depth—1.8-
and 4.3-fold greater than the pan-Arctic trends, respec-
tively. Ice thickness decreased at a similar rate in the
Siberian Sea and snow depth decreased even more rapidly
in the Kara Sea, but neither experienced both rapid
snow and ice decline as in the Chukchi Sea. In contrast,
while it featured no trend in snow depth, the Central
Basin was the region most affected by declining ice thick-
ness (the most important predictor in the multiple linear
regression for the Central Basin). Composed of 39% MYI
in 1985, sea ice in the Central Basin was simply too thick
to transmit much light. The rapid gain of FYI trans-
formed the region into one with more prolonged and
widespread ice algal habitat. Given that it is an order
of magnitude larger in size than the other regions, the
increased ice algal habitat in the Central Basin is largely,
though not entirely, responsible for the trends observed
on the pan-Arctic scale. Lastly, the Barents Sea was the
only region where both normalized habitat-days and the
proportion of suitable habitat decreased over 1985-
2018, despite a thinning snow cover. We attribute the
loss of habitat to concurrent decreases in FYI and MYI
extent (Figure S1).

4.3. Ice algal habitat phenology

The timing of ice algal growth is particularly important
because it is the first pulse of seasonal production in the
Arctic Ocean. Although ice algal biomass is not modeled
here, we can assess its phenology based on the start of net
positive ice algal growth and bloom termination (the start
of bottom ice melt). Start dates of mid-March to mid-April
are similar to field-derived estimates (Leu et al., 2015). The
average start date of April 24 in the Central Arctic (the
latest of all regions due to the delayed emergence from
polar night) in our study is within 1 week of the
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approximate start date from the SHEBA ice camp in the
Canadian Basin (Leu et al., 2015). Most Arctic ecosystem
models are also comparable to our study, with ice algal
blooms generally starting in March and peaking around
mid-April to mid-May (Jin et al.,, 2012; Ji et al., 2013;
Watanabe et al., 2019). We note that modeled ice algal
phenology is highly variable, with interannual fluctuations
as large as 2 months in a single model (Watanabe et al.,
2019), which makes comparisons difficult. With that being
said, several models have ice algal blooms in the Chukchi
Sea starting in February (Watanabe et al., 2015; Zhang et
al.,, 2015, as run in Watanabe et al., 2019), 4-6 weeks
earlier than in our study. Likewise, based on a compensa-
tion irradiance of 0.17-5.0 umol photons m™ s, Stroeve
et al. (2021) estimated that there is sufficient light trans-
mission to support ice algal growth in much of the Arctic
by February. These earlier dates may be explained by their
use of compensation irradiance as the singular threshold
for ice algal growth, which only accounts for light inten-
sity, not photoperiod. Our study incorporates both light
intensity and photoperiod by calculating net Chl a-specific
photosynthesis every 3 h, then integrating over a full day.
We found that daylight hours in February are simply too
short for gross photosynthesis to offset respiration.

Concurrent snow and bottom ice melt, causing ice
algae to slough off the ice, began around June 2-26 across
the Arctic. In Baffin Bay, snow melt and ice algal decline at
the Green Edge ice camp started on June 3 and 8, in 2016
and 2015, respectively (Oziel et al., 2019). Likewise, in the
Chukchi Sea, ice algae were found as late as June 17 in
2014 but were virtually nonexistent by the start of a 2010
cruise in which the first ice core was taken on June 22
(Selz et al., 2018). A singular event that releases all ice
algae from the sea ice is unlikely, as sediment traps in the
Chukchi Sea have captured fluxes of sympagic diatoms as
early as February (Lalande et al., 2020). There may be
a seasonal succession where different sympagic species
dominate the ice and the ensuing water column fluxes
at different points in the spring (Lalande et al., 2020).
However, our parameterization for the end of spring ice
algal habitat is in line with the large scale patterns of
bottom ice melt.

Sea ice started to support ice algae earlier in the year
during our study period (10.5-day pan-Arctic average over
1985-2018), but warm air temperatures also caused ear-
lier termination of ice algal blooms (by 2.8 days). A similar
shift is also represented in Arctic ecosystem models where
ice algal blooms are peaking earlier by 1-3 days decade™
(Watanabe et al., 2019), a trend that is predicted to con-
tinue under future climate conditions (Tedesco et al.,
2019). Due to the tight temporal coupling between Arctic
primary producers and grazers, earlier ice algal blooms
may affect the Arctic food web. Some Arctic zooplankton
consume a diet primarily of ice algae early in the year
(Runge and Ingram, 1988; Soreide et al., 2010; Durbin and
Casas, 2014) before the development of under-ice or open
water phytoplankton blooms, which lag behind ice algal
blooms by 28-90 days (Ji et al., 2013; Payne et al., 2021).
Whether grazers have or will be able to adapt to the
changes in ice algal timing is unknown, particularly in the
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case of copepods (e.g., Calanus spp.) with overwintering
dormancy strategies and long life cycles (Conover, 1988;
Falk-Petersen et al., 2009; Sereide et al., 2010). If grazers
are unable to adapt, a resulting trophic cascade may affect
higher pelagic trophic levels (Post, 2017), while more ice
algal biomass may be exported to the deep ocean and the
benthos (Ambrose et al., 2005; Renaud et al., 2007; Boe-
tius et al., 2013). In the scope of the Arctic marine carbon
cycle, the magnitude of these potential changes is rela-
tively small, yet these shifts in timing may favor certain
higher trophic level species or alter the nature and timing
of organic matter export.

4.4. Future implications

Under the current climate trajectory, the Arctic Ocean will
almost certainly continue to experience severe and rapid
changes to the sea ice environment. We expect that Arctic
sea ice will become more favorable for ice algae as the
remaining one-third of Arctic sea ice that is MYI (Kwok,
2018) is replaced by FYI. The Central Arctic and the Nordic
region were the only regions that still had a large propor-
tion (>15%) of MYI in the last 3 years of our time series,
and as such, are the areas most primed for future expan-
sion of ice algal habitat. However, bottom ice melt date,
not snow depth or ice thickness, was the primary predictor
of habitat variability in the Nordic region, implying that
a greater proportion of FYI would not greatly benefit ice
algae there. This finding leaves the Central Arctic as the
final frontier for increasing ice algal habitat by the
mechanisms highlighted in this study: increased light
transmission through younger, thinner ice with a thinner
snow cover. Finally, we predict that increases in ice algal
habitat will not continue indefinitely as the Arctic con-
tinues to melt. Once MYI disappears from the Arctic
Ocean, the trend in ice algal habitat will likely reverse,
and ice algal habitat will begin to decline. The most recent
CMIP6 simulations predict that the Arctic Ocean will reach
the turning point of ice-free summers around 2050 (Fig-
ure 3C; Notz and Community, 2020). After that, ice and
snow may continue to thin somewhat due to warming
temperatures, changing precipitation patterns, and later
freeze-up, but to little effect, as most FYI already transmits
enough light to support ice algal growth. The Barents Sea
during 1985-2018 is perhaps an example of where the
rest of the Arctic Ocean is headed: ice algal habitat
declined because habitat loss due to decreased ice extent
(both FYI and MYI) outweighed any gain due to increased
light transmission through thinner snow. Overall,
decreases in total sea ice extent and the length of the sea
ice season are likely to become the most pressing factors,
with the future of ice algae dependent on the persistence
of FYI in the Arctic Ocean.
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