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Light levels inside first-year, landfast sea ice were experimentally altered by manipulating overlying snow
depths. Irradiance available for ice algae growing near the ice-bottom, and under the ice, was highly dependent
on snow depths ranging from 0 to N30 cm. Importantly, algal vertical distributions also changed under different
irradiances. Under thick snow (low light), the majority of algae were found several cm above the ice–seawater
interface, while progressively more were found nearer the interface at locations with thinner overlying snow
(higher light). Short-term field experiments suggested that ice algae were able to reposition themselves within
the ice column within 3 days after manipulating snow depths. Laboratory gliding rate measurements of a cul-
tured ice diatom suggested that it is capable of daily cm-scalemovement. Verticalmigrationmay help ice diatoms
balance opposing light and nutrient resource gradients, similar to strategies used by some benthic and pelagic
algae. Moreover, when ice algae congregate near the ice–seawater interface, they may be especially susceptible
to loss from the ice environment. Vertical repositioning in response to changing light dynamics may be a
mechanism to optimize between vertically-opposing environmental factors and help explain the connection
between melting snow cover and export of biomass from sea ice.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Arctic sea ice is a porous habitat whose interstitial and undersurface
environments support a diverse community ranging from viruses to
algae to metazoan heterotrophs (Arrigo et al., 2010; Bluhm et al.,
2010; Deming, 2010). Algae production within coastal sea ice, typically
dominated in biomass by pennate diatoms (Arrigo et al., 2010; Hsiao,
1980; Smith, 1988), can contribute between 15 and 20% of total primary
production in Arctic waters (Arrigo et al., 2010). Environmental condi-
tions that affect sea ice primary productivity, such as light, temperature,
salinity, porosity, nutrient fluxes, and loss to the underlying water, vary
temporally and along strong horizontal and vertical gradients within
the ice.

There is distinct seasonality within the Arctic sea ice community,
especially in first-year sea ice that is the focus of this study. Through
early spring, algal biomass generally increases through time, especially
in the bottom 10 cm of the ice near the ice–water interface (Juhl et al.,
2011; Riedel et al., 2008; Smith et al., 1990). Chlorophyll concentrations
near the ice-bottom can occasionally exceed 1000 μg L−1 (Arrigo, 2003).
The high biomass of the spring algal bloom within coastal sea ice
contrasts with the pack ice of the central Arctic where algal biomass is
typically two orders of magnitude lower (Gradinger, 1999). Later in
the season, but before substantial ice thinning or break up, most algal
biomass is lost from first-year ice in rapid export pulses that may only

last a few days (Fortier et al., 2002; Juhl and Krembs, 2010; Juhl et al.,
2011). In addition to living biomass, particulate and dissolved organic
carbon (POC, DOC) are found abundantly throughout the entire ice
column (Juhl et al., 2011; Thomas et al., 2010). Some of this organic
matter is autochthonous, while some may have been incorporated
within the ice matrix during freezing. As much as 70% of total POC in
sea ice can be extracellular polymeric substances (Meiners et al., 2004;
Riedel et al., 2006), mostly produced by ice diatoms (Krembs et al.,
2001; Meiners et al., 2003; Riedel et al., 2008). EPS may aid ice diatoms
in cryoprotection, anchoring to the ice matrix, and locomotion (Krembs
et al., 2002, 2011). While accumulated organic matter is eventually
released from seasonal sea ice, the algal biomass appears to be preferen-
tially lost prior to other organic matter pools (Juhl et al., 2011).

Ice algae, as well as associated bacteria and heterotrophs within the
ice community, are not uniformly distributed horizontally in first-year
sea ice. During the Arctic spring, ice algal growth is primarily limited
by low irradiances (Lavoie et al., 2005; Mundy et al., 2005) and
algal biomass is often inversely related to the overlying snow depth
(Gosselin et al., 1986; Mundy et al., 2005; Welch and Bergmann,
1989), because of the effect of snow cover on light attenuation. Snow
depth can vary spatially by tens of centimeters over a few squaremeters
and the annual mean can differ by up to ~20–30 cm duringMarch/April
in northern Alaska (Warren et al., 1999), with concomitant effects
expected for ice algae biomass. Later in the Arctic spring the pattern
often changes, resulting in lower ice algae biomass under thin snow
cover than nearby sites with comparatively deeper snow (Mundy
et al., 2005; Welch and Bergmann, 1989), even though chlorophyll-
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specific production rates remain high under thin snow cover (Smith
et al., 1989). This pattern of lower algal biomass under thin snow
cover, despite high production rates, suggests that loss of ice algae to
the underlying water column is greater under thinner snow cover
(Cota et al., 1991; Mundy et al., 2005). In fact, loss of ice algae has
been observed following rapid snow melt or experimental snow
removals (Apollonio, 1965; Fortier et al., 2002; Juhl and Krembs, 2010).

Once released, algae and other organic materials from the ice are
either consumed in the water column (Michel et al., 1996; Tremblay
et al., 1989), initiate ice-edge algal blooms (Haecky et al., 1998; Michel
et al., 1993), or settle on thebenthoswhere they are either subsequently
eaten or buried in the sediments (McMahon et al., 2006; Morata et al.,
2011; Renaud et al., 2007). Although specific cues for the rapid export
events are undetermined, they occur with such annual regularity that
many Arctic marine organisms have adapted life-cycles to take advan-
tage of the seasonal release of organic material from the overlying ice
community (Gradinger and Bluhm, 2010; Runge et al., 1991; Søreide
et al., 2010). Developing a mechanistic understanding of the accumula-
tion, export, and eventual fate of sea ice organic matter therefore seems
imperative to appreciating the full role of sea ice in the greater Arctic
ecosystem as well as the ecological consequences of a rapidly changing
Arctic environment.

Based on the effects of snow cover on light and heat transmission
within the ice (Grenfell and Maykut, 1977), several mechanisms to
explain the relationship between thin snow cover and increased algal
loss have been proposed. These include local heating and melting of
the ice due to light absorption by the algae (Apollonio, 1961; Zeebe
et al., 1996), increased brine formation and flushing (Gradinger et al.,
1991; Ingram et al., 1989; Mundy et al., 2005), and bottom ablation
due to general warming of the ice at air or seawater interfaces (Michel
et al., 1988). All these processes have some observational support and
none are mutually exclusive. Regardless of the physical processes
involved, the vertical position of the algae (or other particles) with
respect to the ice–water interface must be relevant. A vertical profile
through first-year Arctic sea ice will typically show the greatest algal
biomass and POC concentration in the bottom centimeters (Cota et al.,
1991; Gradinger et al., 1991; Michel et al., 1996; Mundy et al., 2005),
near the ice–water interface where the underlying water column
provides a nutrient source. It is reasonable to hypothesize that particles
closest to the ice–water interface should bemore likely to be lost to the
water column than those deeper within the ice.

Strong vertical gradients in environmental conditions within the ice
may influence vertical positioning of ice algae. By analogy,many benthic
pennate diatoms undergo vertical migration through the upper portion
of the sediment in response to light, tides, nutrient availabilities,
temperature, and other factors (Consalvey et al., 2004; Happey-Wood
and Jones, 1988; Saburova and Polikarpov, 2003; Underwood et al.,
2005). This movement is typically a process by which diatoms glide
along tracks of secreted EPS adhered to the substratum and connected
to transmembrane structures subsequently moved along the raphe
(Edgar and Pickett-Heaps, 1983; Edgar and Zavortink, 1983; Under-
wood and Paterson, 2003), although other modes of locomotion
are possible (Apoya Horton et al., 2006). Different species exhibit
varying migratory patterns (Underwood et al., 2005) but, in general,
there is a tendency for upward migration when irradiance levels are
relatively low, presumably to maximize photosynthesis, and a down-
ward migration after exposure to excessive light (Barranguet et al.,
1998; Cohn et al., 1999). Downward migration is likely a photophobic
response to avoid photoinhibition (Barranguet et al., 1998; Cohn et al.,
1999, 2004; McLachlan et al., 2009), but may additionally relocate
cells to areas of greater inorganic and organic nutrient availability
(Barranguet et al., 1998; Cohn et al., 1999; Happey-Wood and Jones,
1988). Thus, vertical migration facilitates the balance of opposing
gradients of light and nutrients found in sediment layers. This same
principle is also found in the water column, where the vertical distribu-
tion of phytoplankton can be determined by opposing gradients of light

and nutrients (Chorus and Schlag, 1993; Huisman et al., 2006) and
optimal cell depth is where both are equally available relative to their
needs (Klausmeier and Litchman, 2001).

In this study, we demonstrate that the vertical distribution of
ice algae varies with the light field in a manner consistent with the
optimization strategies described for many benthic diatoms and phyto-
plankton. If deep chlorophyll maxima and vertical distributions in
sediment can be the products of active motility based on adaptive
responses to minimize resource limitation, then ice algae may migrate
within the porous sea ice matrix to overcome similar abiotic stresses.
Vertical positioning of ice algae in response to light and nutrient
gradients within the ice may play an important role in determining
their susceptibility to export out of the ice habitat, providing a key
flux in polar marine ecosystems.

2. Materials and methods

2.1. Study site

All field observations of ice properties, snow and ice algae in this
study were conducted on landfast, first-year sea ice located within
10 km of Point Barrow, Alaska (71.38°, −156.48°) on the near-shore
Beaufort and Chukchi Seas (b3 km from shore). Samples were collected
April–early June 2005, and April–May 2006. Ice coring used a 10-cm
diameter CRELL (in 2005), or an 8-cm diameter Kovacs ice corer
(in 2006), driven by an electric hand drill. After field collection, initial
sample processingwas done in a laboratory of the BarrowArctic Science
Consortium (BASC).

2.2. Ice-bottom layer light and algal biomass under experimental plots

As an overview, field experiments were set up in 2005 and 2006 to
quantify snow cover effects on light within and under the sea ice, and
on ice algal biomass. In each year, 5 experimental plots of approximately
2× 2mwere established along a linear transect. The general location for
the plots was selected by finding an area on the near-shore sea ice
where snow cover was fairly even and ice was of relatively uniform
thickness, and without obvious sediment inclusions (confirmed by
drilling exploratory ice cores) to ensure uniform starting conditions.
photosynthetically active radiation (PAR) sensors (LICOR underwater
quantum sensors) were emplaced within and under the ice near the
center of each 2 × 2 m experimental plot. Snow depth of each plot
was then manipulated to generate a snow depth gradient along the
transect; from deep snow on the first plot (~30 cm, Plot 1), decreasing
from one plot to the next, to thin or no snow cover on the last plot
(Plot 5). This gradient in snow cover was maintained for weeks by
periodically adjusting the snow cover with loose snowwhile PAR inside
and under the ice was continuously recorded for each plot.

The two PAR sensors in each of the 5 experimental plots measured
downwelling irradiance at two depths. The upper sensors at each plot
were embedded in the ice 30 cm above the ice–water interface
(i.e., above the ice algae biomass maximum) by drilling out partial ice
cores (leaving 20–25 cm of ice at the bottom), positioning sensors at
the specified depth and orientation using a PVC bracket that extended
to the ice surface, and then repositioning the original ice cores above
the sensor. During sensor placement, water entered the core holes,
freezing the upper sensors in place and securing the ice that had been
temporarily removed. The lower PAR sensor was positioned 30 cm
below the ice–water interface. A PVC bracket held the sensor directly
under a portion of the ice that was at least 10 cm horizontally offset
from any of the ice core holes. Ice cores removed to install the lower
sensors were replaced and rapidly froze back into place. Thus, there
was one PAR sensor above and one below the algal layer within each
plot to continuously measure light above and below the bottom ice
community under 5 different levels of snow. Average PAR reaching
each sensor was recorded every 30 min. The sensor location in each

497C.F. Aumack et al. / Journal of Marine Systems 139 (2014) 496–504



plot was marked with a pole with centimeter graduations so that snow
depth could be determined without having to disturb the snow cover.

In 2005, the experimental plots weremaintained from April 20 until
June 8. The site was visited 12 times during that interval to measure
snow depth. In 2006, experimental plots were maintained from April
27 until May 24, and snow depth was recorded on six dates. In both
years, snowhad to be periodically adjusted in different plots tomaintain
experimental snow thickness. The relationship between PAR and
snow depth for each year was developed by comparing snow depth at
each station with daily integrated PAR measured over the 24 h period
preceding each snow depth measurement.

To quantify the long-term effect of snow depth on algal biomass, ice
cores were first taken from each plot several weeks after the gradient
had been established. In 2005, cores were collected on May 11,
21 days into the observation period. During sampling, an unexpected,
apparently isolated patch of sediment was found in some of the
cores collected from one plot (Plot 2). We excluded this plot's cores
from our analyses due to the unaccounted light attenuation caused by
sediment. To supplement the observations, three additional sets of ice
cores were collected between plots 1–2, 3–4, and 4–5 (i.e. avoiding
the sediment patch) on May 14. During other ice coring (installing
and removing sensors, as well as sampling), no further evidence for
sediment inclusions was found. In 2006, all five plots were sampled on
May 22, 26 days into the experiment.

In both years, ice coring and sample processing were identical. Four
replicate cores were collected within each 2 × 2 m plot. A vertical
temperature profile of the ice was measured on the first core from
each station before collecting the other replicates. Ice temperature
was measured by drilling 3 mm diameter holes in the side of the
ice core every 10 cm and inserting a digital thermometer probe
(±0.1 °C). After retrieval of each core, the bottom 10 cmwas sectioned
off and sealed into food-grade plastic bags for transport back to the
laboratory in an insulated cooler to protect core sections from light
and temperature changes. In the laboratory, the 10-cm ice core bottom
sections of three cores were further cut into three sub-sections: 0–2,
2–6, and 6–10 cm from the bottom. The sub-sections from each of the
three replicate cores per station were combined and gradually melted
at 0–4 °C in the dark and processed to measure chlorophyll-a concen-
trations. The bottom 10 cm of the fourth core was melted intact in the
same way and was used to measure bulk salinity (using an YSI 30 con-
ductivity meter) and diatom frustules.

Chlorophyll-a concentrations (hereafter referred to as “chlorophyll”)
were determined using a volumetric subsample ofmeltwater from each
ice segment filtered onto a 25 mm Whatman GF/F filter. Sufficient
volume was filtered to cause visible discoloration of the filter. Filters
were stored frozen (−20 °C) until extraction in 90% acetone (24 h),
followed by fluorometric analysis (including acidification) using a
Turner Designs fluorometer according to UNESCO (1994). For frustule
counts, a meltwater subsample from the fourth core from each
plot was preserved in 2.5% formalin. Frustule samples were stained
with Rose Bengal before counting, and only frustules that contained
stained organic matter (presumably cells that were alive at the time
of collection) were quantified. Only total counts, rather than species-
level identifications were recorded.

2.3. Short-term changes in vertical chlorophyll distribution

To test how rapidly-increased light could affect the vertical distribu-
tion of chlorophyll in the ice, a set of three snow removal experiments
was conducted from 13 to 18 May, 2006. These 3 experimental plots
were near, though independent of the experiments described in the
previous section. In these three experiments, different initial thick-
nesses of natural snow cover were removed to increase light levels
within the ice. At each of three 2× 2m plots (A, B, and C, located within
50 m of each other), an ice core was collected to determine the initial
chlorophyll concentrations 0–2, 2–6, and 6–10 cm from the ice–water

interface, as described in the previous section. Initial overlying snow
thicknesses were 9, 5, and 4 cm at Stations A, B, and C, respectively.
After the initial ice core was collected, all snow was removed from
each plot and the plots were kept essentially snow-free for three days,
greatly increasing irradiance to the algal layer. On the third day,
each plot was cored again to determine the vertical distribution of
chlorophyll within the bottom 10 cm of the ice core.

2.4. Ice diatom motility

Gliding rates of a cultured ice diatom, morphologically identified as
Cylindrotheca closterium (Ehrenberg) Lewin and Riemann (Hasle and
Syvertsen, 1997), were measured in a controlled laboratory environ-
ment. The diatom was isolated by A. Juhl from a mixed enrichment of
melted sea ice collected in April 2005 near the study location. The isolate
was maintained through serial transfer in sterile L1 medium (Guillard
and Hargraves, 1993) at 4 °C with continuous illumination provided
by cool-white fluorescent lights. The culture was monoalgal but not
axenic.

Qualitative observations showed that cell motility was fastest
following transfer to fresh medium. Stationary phase cells became
effectively non-motile. The subculture eventually used to determine
gliding rates was therefore prepared as follows. Five milliliters of an
older culture was transferred to a sterile, 80-ml polycarbonate tissue
culture flask containing 35 ml of cold (4 °C) L1 medium. When placed
on their side, these tissue culture flasks provided a large, flat surface
for adhesion and growth of surface associated cells. The subculture
was allowed to grow for several weeks in an incubator at ~0 °C with
continuous illumination of ~20 μmol photons m2 s−1 from cool-white
fluorescent bulbs. Culture studies of other ice diatoms indicate that
these irradiance levels should be near saturating for growth (Juhl and
Krembs, 2010; Smith et al., 1994). The initial growth period produced
a relatively high cell number, easing microscopic observation, and also
allowed the diatoms to precondition the growth surface of the flask.
Such preconditioning seemed appropriate given the potential impor-
tance of an EPS layer for diatom attachment and motion.

Following the preconditioning period, 25 ml of the growth medium
was replaced with 25 ml of fresh, sterile, and cold (0 °C) L1 medium.
Most cells remained adherent during this transfer. Cells were then
allowed to acclimate for another 3 days. Afterwards, the culture flask
was analyzed in a temperature-controlled room (0 °C) containing an
inverted microscope (Nikon Diaphot) equipped with a Pixelink color
digital camera. The location of individual cells relative to non-moving
particles was recorded at 200× in still photographs every 2 s for 20 s.
Timing of the photographs was controlled by the camera software.
Glide speed was calculated for 23 cells by tracking the change in their
location in successive photographs. A stage micrometer was used to
calibrate measured distances.

3. Results

3.1. Ice-bottom layer light and algal biomass under experimental plots

An experimental gradient in snow depth was successfully
established and maintained across 5 plots in both 2005 and 2006.
Mean snow depths for each plot along the gradient, with the error
bars indicating the range (min/max) over the entire observation period
are shown in Fig. 1. The range in snow depths across plots had a large
influence on irradiance near the bottom of the ice column. The relation-
ship between the thickness of the overlying snow layer and daily
integrated PAR reaching the upper light sensor, 30 cm above the ice–
water interface, for the 24 h preceding each snow depth measurement
can be seen in Fig. 2. Between years, there was no significant difference
in the slopes or intercepts in the regression models (slopes: ANOVA
F1, 88 = 1.33, P = 0.25; intercepts: ANOVA F1, 89 = 2.04, P = 0.16).
As such, 2005 and 2006 data from the upper sensors were combined
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and a single regression line was fit to the pooled data. The combined
regression was highly significant (ANOVA F1, 90 = 220, P b 0.01) and
explained 71% of the variation in light levels. The residual irradiance
variation was the result of changing meteorological (cloud cover, fog,
etc.) and seasonal conditions including increased day length and solar
angle. For example, the dotted line in Fig. 2 shows the best-fit regression
line for five data points collected on April 20, 2005. The slope of this
regression was nearly identical to the overall regression, though the
intercept was lower. This pattern continued for regressions of data
collected at later dates, with slopes remaining nearly equal with
intercepts progressively increasing by date (data not shown). Never-
theless, despite pooling data across dates within and between years,
the underlying relationship demonstrates the dramatic effect snow
cover had on light reaching the top of the algal layer.

Snow cover remained an important factor determining light levels
below the ice, and below the algal layers, with significant regressions
between snow cover thickness and daily integrated PAR (Fig. 3). How-
ever, the regression slopes were significantly different between years
(ANOVA F1,88 = 4.88, P = 0.03). This difference between years in the
snow depth to PAR relationship below the ice, with correspondingly
higher light levels for any snow depth under the ice in 2006, contrasts
with the uniform snow depth to PAR relationship found above the
algal layer in both years (Fig. 2). The dimmer under-ice light field in
2005 is consistent with higher algal biomass that was observed
in 2005 (see next paragraph). In the context of this study, the data in
Figs. 2 and 3 demonstrate that light levels, above and passing through
the algal layer, were primarily controlled by overlying snow cover.
Meanwhile, irradiance differences between experimental plots were
not reflected in ice physiochemical properties at the time of sampling.
In both 2005 and 2006, mean bulk salinity was fairly consistent in the

lower 10 cm sections between 4 and 6 ppt while temperature was
consistently ~−2.0 °C (see Supplemental Table 1).

Algal biomass in the bottom 10 cm of the ice for both years, plotted
against mean daily PAR measured above the algal layer at each plot,
shows that the greatest biomass was found at intermediate light levels
(Fig. 4). Chlorophyll data were combined vertically to estimate the
mean value for the bottom 10 cm, so as to highlight the horizontal
trend between plots, and for ease of direct comparison to the frustule
counts. For the 3 supplemental cores collected in 2005, mean daily
PAR was estimated using the regression equation between snow
depth and PAR from Fig. 2. In both years, ice algae biomass was
unimodally related to light level. There was also a notable decrease in
frustule concentrations, compared to chlorophyll concentrations, at
stations with increased overlying snow and lower light. This discrepan-
cy indicates elevated chlorophyll per cell in ice algae grown under lower
irradiance. Nevertheless, the change in chlorophyll per cell did not
obscure the general pattern of peak biomass at intermediate snow
depths. Interestingly, although the absolute biomass concentrations
differed between years by almost an order of magnitude, the relative
pattern of algal biomass as a function of snow depth was qualitatively
similar.

While taxonomic identificationswere not conducted on the samples
used in this study, other observations have shown Navicula, Nitzschia,
Amphiprora, Fragilariopsis, Pleurosigma and Gomphonema to be

Fig. 1. The mean (symbol) and range (maximum/minimum) of snow depthsmeasured at
the experimental plots constructed in 2005 and 2006.

Fig. 2. Relationship between irradiance (log-transformed daily integrated PAR) 30 cm
above the ice–water interface, and the thickness of the overlying snow layer in 2005
and 2006. The solid line and equation are from an annual regression for both years
combined, since there were no significant differences between the slopes or intercepts
in the regression models between years. The dashed line shows the best-fit regression
for the five data points collected on April 20, 2005 (y = −0.067 + 6.03, r2 = 0.95).

Fig. 3. Relationships between irradiance (log-transformed daily integrated PAR) 30 cm
below the ice–water interface, and the thickness of the overlying snow layer in 2005
and 2006. The regressions for 2005 data (dashed line) and 2006 data (solid line) were sig-
nificantly different from each other.

Fig. 4. Mean chlorophyll and diatom frustule concentrations in the bottom 10 cm of ice
cores in relation to the mean daily PAR over the observation period preceding sample
collection in 2005 and 2006. Second-order polynomial curves were fitted to each set of
points. The numbers designate the plots that had embedded PAR sensors and correspond
to the plot numbers in Fig. 1 with overlying snow depth decreasing from left to right.
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particularly abundant diatom genera in first-year sea ice near Barrow
(Horner and Alexander, 1972; Meguro et al., 1966). In addition,
Horner and Alexander (1972) described C. closterium (identified at the
time as Nitzschia closterium) as one of the most common species in
first-year landfast sea ice near Barrow (see Section 3.3).

In addition to changes in algal biomass under different snow depths,
the vertical distribution of the biomass through the lower 10 cm of the
ice column also changed consistently from one experimental plot to
the next. For example, in 2005 N80% of total chlorophyll measured in
the bottom 10 cm of Plot 1, which had the highest overlying snow
cover, was found in the 6–10 cm sub-sections (Fig. 5A). Only ~1% of
the chlorophyll was measured in the bottom 2 cm of the ice in this
plot, consistent with the idea that algae were light limited. In contrast,
at Plot 3, with thinner overlying snow, only 6% of the collective chloro-
phyll was found in the 6–10 cm sub-sectionswhile 86% of the collective
chlorophyll was found in the 2–6 cm sub-sections. The downward shift
of chlorophyll continued at Plot 4, consistent with the idea that nutrient
limitation and/or photoinhibition became more important under
thinner snow cover. At Plot 5, with the least overlying snow, only ~2%
of chlorophyllwas found in theupper 6–10 cmsub-sections. The change
in the algal vertical distribution between experimental plots was also
visually evident (Supplemental Fig. 1 is a composite photograph of the
ice cores where the vertical position of the algal layers can be clearly
seen).

Despite much lower overall chlorophyll concentrations, the trends
in vertical algal distribution were repeated in 2006 (Fig. 5B), with 40%
of the total chlorophyll found in the 6–10 cm sub-sections and only
12% of total chlorophyll residing in the bottom 0–2 cm under the
thickest snow at Plot 1. Moving from thicker to thinner snow cover,
there was a general decrease in chlorophyll percentage found in the
upper 6–10 cm sub-sections, and a corresponding increase in chloro-
phyll percentage in the bottom 0–2 cm sub-sections. This culminated
in Plot 5, where N99% of chlorophyll was located in the bottom 0–2 cm.

3.2. Short-term changes in vertical chlorophyll distribution

Vertical chlorophyll distribution within a location varied within
3 days in response to a change in the light environment (Fig. 6). Vertical
chlorophyll profiles at three locationswere compared before, and 3 days
after snow removal. In each case, there were absolute and relative
declines in the 6–10 cm sub-section following snow removal coupled
with significant absolute and relative increases (paired t-test; t2 =
6.9; P = 0.02) in chlorophyll in the 0–2 cm sub-section.

3.3. Ice diatom motility

The gliding speed of 23 individual C. closterium cells was measured
(Table 1). The majority of the cells (12 of 23) moved in a consistent
linear direction during the 20 s observation period. Only two of the
observed cells did not move at all. The nine remaining cells reversed
direction at least once during the observation. For those nine cells,
gliding speed was estimated from the longest period during which
they moved in a single direction.

4. Discussion

4.1. Overview

Themajor novel finding of this study is the relationship between the
algal vertical distribution within first-year Arctic sea ice and overlying
snow cover. This relationship, based on observations of altered vertical
distributions along experimentally-created gradients of snow depth,
could be related to differential growth and/or active movement of the
algae. However, short-term snow removal experiments indicated
rapid changes in the vertical distribution of algal biomass, suggesting
active movement in response to environmental change. Additionally,
ice diatom gliding rates measured (for one species) were sufficient to
explain observed short-term changes in field profiles. Extrapolating
from what is known about vertical distributions of algae in the water
column and sediments, we hypothesize that ice algae actively position
themselves within the ice column to balance the opposing vertical
gradients of light and nutrients to optimize growth conditions. Further-
more, we hypothesize that this vertical positioning, in conjunction with
physical processes, improves the mechanistic understanding of how
snow thinning leads to algae loss via export from sea ice.

4.2. Evidence for different vertical distributions related to snow cover

Data from embedded light sensors provided reproducible relation-
ships between overlying snow depth and PAR levels penetrating
the underlying ice that were similar to previously published work
(Maykut and Grenfell, 1975; Welch and Bergmann, 1989). The
unimodal distribution of algal biomass with snow depth, and sub-
sequent irradiances, resulting in the highest biomasses located under
intermediate snow depths, has also been well described previously in
field surveys (Mundy et al., 2005; Welch and Bergmann, 1989) and
snow manipulation experiments (Smith, 1988). Thus, our observations

Fig. 5. Vertical distribution of chlorophyll in the bottom 10 cm of sea ice cores collected on A) May 11, 2005 and B) May 22, 2006. Plot numbers correspond to Fig. 1 and snow depths
decrease from left to right. For each station, the horizontal bars show the absolute chlorophyll concentration, while the percentages show the relative fraction of the total chlorophyll
(of the entire bottom 10 cm) in each subsection. Data from Plot 2 in Fig. 5a were excluded because of a patch of sediment found in some ice cores.

500 C.F. Aumack et al. / Journal of Marine Systems 139 (2014) 496–504



of horizontal variability in algal biomass related to snow cover are
consistent with prior research. However, though occasional reports
have described layers of ice algae vertically elevated from the ice–
water interface (Gradinger et al., 1991; Grossi and Sullivan, 1985;
Smith et al., 1990) this is the first experimental demonstration that
algal vertical distribution in first-year sea ice can change in response
to overlying snow cover.

In both 2005 and 2006, peak pigment chlorophyll concentrations
under the thickest snow cover were found higher in the ice column,
separated further from the ice–seawater interface. Under increasingly
thinner snow, the chlorophyll biomass shifted downwards; this
culminated under the thinnest snow cover with the bulk of chlorophyll
residing at the ice–water interface. It should be pointed out that our
cores were truncated at 10 cm because this segment captured all visible
pigment layers (see Supplemental Fig. 1), even though Smith et al.
(1990) reported peak pigment concentrations as much as 20 cm from
the ice–water interface. Undoubtedly there were active algae higher in
the cores (Eddie et al., 2010; Juhl et al., 2011), but the bottom 10 cm
was sufficient to capture peak abundances.

The trend of algae increasingly concentrating near the ice–water
interface was observed in both years with one exception. In 2005,
under the thinnest snow cover (Plot 5), chlorophyll concentrations at
the interface (0–2 cm) were lower than higher up in the core
(2–6 cm). We attribute this pattern to active export of material from
the bottom of the ice. Several sources have proposed increased export
from the interface under thin snow cover to explain decreased chloro-
phyll near the ice-bottom (Lund-Hansen et al., 2014; Mundy et al.,
2005; Smith, 1988). Export from the bottom of the sea ice was likely
occurring in 2006 as well, though the quantity of material was less.

It is important to note that the strength of these observations of algal
vertical distribution may be exaggerated because of the artificial snow
gradients created in 2005 and 2006. The experimental plots were
created in a single ice sheet after the majority of ice growth had
occurred. Ice thickness and conditions at the ice–water interface,
including nutrient supply, were therefore initially very similar. Under
more natural conditions, differences in snow cover could affect ice

thickness (Ledley, 1991; Maykut and Untersteiner, 1971; Rothrock
et al., 1999; Warren et al., 1999) and bulk salinity with implications
for nutrient flux and algal growth. Also, large differences in nutrient
flux, species composition, and EPS concentration/composition could
occur from location to location on small scales. The kind of visually
obvious differences in vertical distributions that we observed may
only develop if nutrient supply and other factors were similar across
locations and independent of snow cover.

The snow gradient experiments discussed above showed that algal
vertical distributions responded to overlying snow depth over the
course of many weeks. On those time scales, it is unclear whether
biomass differences were related to differential growth or active migra-
tion. Three short-term snow removals were therefore conducted to
investigate potential algal redistribution on shorter time scales. The
initial natural snow depths were similar to overlying snow found at
the thinner end of the snow depth gradient experiments and thus, the
concentrations and vertical distributions of chlorophyll were most
comparable to Plot 4 in 2006. Snow removal changed the algal distribu-
tion within 3 days. Enhanced growth following snow removal could be
partly responsible for chlorophyll increasing in the 0–2 cm sub-sections.
However, the loss of chlorophyll from the 6–10 cm sub-sections was
particularly consistent with active downward migration.

4.3. Quantifying ice algae motility

The ability of many sea ice algae to attach and glide within the
interconnected pore spaces of sea ice has previously been mentioned
qualitatively (Agatha et al., 1990; Carey, 1985; Ikävalko and Gradinger,
1997; Krembs et al., 2000; Spindler and Dieckmann, 1986; Welch and
Bergmann, 1989). Welch and Bergmann (1989) demonstrated a collec-
tive ice algal movement equal to a few centimeters per day, but we are
unaware of other more quantitative observations of ice diatom gliding
speeds within the sea ice. Lab based tests showed average gliding
speeds of the sea ice diatom C. closterium to be ~0.1 mm min−1, or
~14.4 cm d−1, assuming consistent unidirectional travel. Despite the
low temperature, these recorded speeds are comparable to many

Fig. 6. Vertical distribution of ice algae chlorophyll in the bottom 10 cm of sea ice cores collected before and after complete removal of the overlying snow layer. The upper portion of the
graph for eachexperimental plot shows the vertical chlorophyll distribution before snow removal; the lower portion of thegraph shows the corresponding vertical chlorophyll distribution
3 days after snow removal. In each case, the horizontal bars show the absolute chlorophyll concentration, while the percentages show the relative fraction of the total chlorophyll in each
subsection. Initial snow depths were 9, 5, and 4 cm at plots A, B, and C, respectively.

Table 1
Gliding speed of cultured Cylindrotheca closterium. Observations were made on 23 individual cells. The majority (21 of 23) moved either in a consistent linear direction or started on one
course but reversed direction during the 20 s observation period. Calculations of mean velocities included the two cells that did not move.

Cell length (μm) Glide velocity (μm s−1) Glide velocity (mm min−1) Glide velocity (body lengths s−1) Glide velocity (body lengths min−1)

Mean 104.8 1.7 0.1 0.017 0.99
SD 5.9 1.1 0.6 0.011 0.63
SE 1.2 0.2 0.01 0.002 0.13
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reports of benthic diatom gliding (Cohn andWeitzell, 1996; Cohn et al.,
2004; Edgar and Pickett-Heaps, 1983). Thus, although based only on a
single species, these observations may be representative for other ice
diatoms. The main caveat is that these measurements were not carried
out in the confines of a brine channel, which likely affect gliding speeds.
Though the elongated morphology of C. closterium may actually be
advantageous for moving within the interstitial sea ice environment,
mobility of other diatom species through brine channels may vary
depending on their respective morphologies and chaining structure.
Further research on this subject would be warranted. Still, calculated
gliding speeds are well within the velocities required to relocate verti-
cally within the time and space scales measured in our snow removal
experiments.

4.4. Diatom vertical migration and algal distributions within sea ice

Many diatom species, both pelagic and benthic, vertically orient
themselves to optimize available resources, thereby increasing their
overall productivity. In most circumstances, this entails moving upward
through their respective medium for increased irradiance and down-
ward to prevent photoinhibition and/or relocate to areas of greater
nutrient availability (Barranguet et al., 1998; Happey-Wood and Jones,
1988; Villareal et al., 1996). These same adaptive processes could also
occur with sea-ice algae. Light attenuates while passing through the
ice and many studies have indicated that irradiance levels near the
ice–water interface limit ice algae growth (Gosselin et al., 1986; Grossi
and Sullivan, 1985; Lavoie et al., 2005; Smith, 1988; Welch and
Bergmann, 1989). Previous research has also shown that the bottom
of coastal sea ice is generally more replete with nutrients (Cota and
Horne, 1989) and regularly re-accumulates nutrients from tidal inunda-
tion (Cota et al., 1987, 1990). With opposing resource gradients,
modeling and laboratory studies suggest that motile algae will form a
biomassmaximum layerwhere light and nutrient limitation is balanced
(Klausmeier and Litchman, 2001; Mellard et al., 2011, 2012). Those
studies make three further predictions about the algal layer that are
consistent with our observations. 1) When light levels increase, up to
a certain threshold, overall biomass will be higher and the layer will
move down. 2) If light levels decrease, overall biomass will be lower
and the layerwillmove up. 3) The fraction of total biomass foundwithin
the layer will rise as total biomass increases because of self-shading
effects. This last prediction is explained as follows. If algal biomass
increases at some optimal depth in the ice column, light attenuation
by that algal layer also rises. The decrease in light availability below
the layer stimulates upward-directed movement or energetically
prohibits further growth below, thereby increasing the fraction of total
biomass found at the optimal depth (Klausmeier and Litchman, 2001).

All these predictions are consistent with our observations of sea ice
algae. Under thinner snow, biomass was higher and there was shift in
chlorophyll biomass toward the ice–water interface. This downward
movement may be a directed response to greater nutrient availability
lower in the ice column, once saturating irradiances are readily
available. Alternately, downwardmovementmay also be a photophobic
response. Neither strategy is necessarily exclusive. The predicted effects
of higher biomass and self shading (prediction 3 in prior paragraph)
could also explain the notable difference in vertical algal profiles
between 2005 and 2006 under thicker snow covers (i.e., comparing
plots 1–3 in Fig. 5a and b). In 2005, the algal layering was very distinct
and little chlorophyll was found below the respective chlorophyll
maximum layer. In 2006, under similar snow cover, chlorophyll was
vertically more evenly distributed than in 2005. The difference in algal
biomass between years clearly impacted light levels below the ice
(Fig. 3), and as described above, the shading effect of higher biomass
would be expected to result in a more exaggerated vertical chlorophyll
profile. In this context, it isworth pointing out that the dramatic shading
caused by algae in 2005 was probably unusual, as the chlorophyll
concentrations measured at the 2005 experimental plots were the

highest we have seen in eight years of sampling near Point Barrow,
while the 2006 data were more characteristic of this region (Juhl and
Krembs, 2010; Juhl et al., 2011). The explanation for this order of
magnitude difference in chlorophyll concentrations between years is
unknown.

4.5. Implications

Field experiments conducted in this study either maintained consis-
tent overlying snow depths for many weeks or changed them very
rapidly. The natural progression in the surrounding ice sheet was a
more gradual decline in snow depth as air temperature increased
through time. Based on our results we predict, when overlying snow
decreases gradually, algae will progressively congregate toward the
ice–seawater interface. At that location, theywould bemost susceptible
to export, either through directed motion into the water column, invol-
untary physical melting processes, or grazing. Thus, vertical positioning
in the ice as related to overlying snow depth may help explain the con-
nection between algal export events and snow loss (Apollonio, 1965;
Fortier et al., 2002; Juhl and Krembs, 2010). Lund-Hansen et al.
(2014), in a recent study, showed that complete snow removal caused
an exponential decrease in chlorophyll accompanied by undetectable
levels of fluorescing biomass. They hypothesized that the loss of algae
biomass resulted from diatom emigration from the ice in response
to ice temperatures and brine volume. Our results concur, clearly
demonstrating vertical repositioning and active diatom migration
downward through the ice column in response to higher irradiances.
Such downward directed movement of motile algae, concentrating
them near the interface, may also help explain the preferential loss of
chlorophyll relative to other pools of organic matter that occur prior
to significant spring ice melt (Juhl et al., 2011; Riedel et al., 2008).

Recent modeling of ice algae growth both underestimated the peak
algal biomass achieved and the rapidity of algal loss following snow
melt (Pogson et al., 2011). A more realistic parameterization of algal
vertical positioning within the ice column may improve model perfor-
mance. In particular, the pace of algal biomass loss in Pogson et al.
(2011) was improved (relative to observations) by increasing loss
rates due to brine drainage beyond the best estimate of realistic levels.
If ice algae moved closer to the ice–water interface as snow cover
melted, then brine drainage, or any other physical loss process present
in the model, would be more effective in removing algae from the ice.
Adding algal behavior to such models might therefore obviate the
need to assume unrealistic parameterizations for physical processes
within the models.

Apparent increases in annual precipitation in the Arctic nearshore
environment (Christensen et al., 2007) can yield more or less snow
cover depending on local air temperatures relative to the freezing
point of water. Understanding the sea ice community's response to
such changes is imperative to predict any future contributions sea ice
can have on underlying marine ecosystems in a rapidly changing Arctic
environment.
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