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Abstract We examined the sub-ice algal community in
the Chukchi Sea during June 1998 using a remotely
operated vehicle (ROV). Ice algae were observed on the
under-ice surface at all ten stations (from 70°29'N to
72°26’N; 162°00’W to 153°56’W) and varied in abun-
dance and distribution from small aggregations limited
to depressions in the ice to nets, curtains and strands of
Melosira. There was no relationship between percent
cover of sub-ice algae and physical factors at the kilo-
meter scale, but at the scale of individual ice floes the
percent cover of sub-ice algae was positively correlated
with distance from the floe edge and negatively corre-
lated with snow depth. A significant positive relationship
between the concentration of sediment pigments and
percent cover of sub-ice could indicate a coupling be-
tween ice algal and benthic systems. Pieces of ice algae
that appeared to be Melosira were observed on the
seafloor to a depth of over 100 m and cells or spores of
obligate ice algal taxa were collected from sediments
from 44-m to 1,000-m deep. The large biomass of sub-ice
algae observed at many stations in the Chukchi Sea and
the presence of ice algae on the seafloor indicates that
the distribution and abundance of sub-ice algae needs to

W. G. Ambrose Jr - P. V. R. Tilney
Biology Department, Bates College, Lewiston, ME 04240, USA

W. G. Ambrose Jr (<)

Akvaplan-Niva, Polar Environmental Center, Tromso, 9296,
Norway

E-mail: wambrose@bates.edu

Tel.: +1-207-7866114

Fax: +1-207-7858334

C. von Quillfeldt
Norwegian Polar Institute, Polar Environmental Center, Tromso,
9296, Norway

L. M. Clough
Department of Biology, East Carolina University, Greenville, NC
27858, USA

T. Tucker
CRREL, 72 Lyme Rd., Hanover, NH 03755, USA

be understood if we are to evaluate the role of ice algae
in the Arctic marine ecosystem.

Introduction

Ice algae are an important component of arctic marine
ecosystems. Recent studies indicate that ice algae com-
prise a significant portion of total primary productivity
in some areas of the Arctic Ocean (Wheeler et al. 1996;
Gosselin et al. 1997; Sakshaug 2004); ice algal Produc-
tion is estimated to average 10gC m ~ year !
throughout the Arctic (Legendre et al. 1992) and this
may be an underestimate (Wheeler et al. 1996; Mock and
Gradinger 1999), particularly for the central Arctic ba-
sin, where it may reach 50% of total primary produc-
tivity (Gosselin et al. 1997). This production contributes
to pelagic and benthic food webs (Bradstreet and Cross
1982; Runge and Ingram 1988; Gulliksen and Lenne
1989; Legendre et al. 1992; Rysgaard et al. 2001; Hobson
et al. 2002) and may also be important in global carbon
cycling (Legendre et al. 1992; Yager et al. 1995; Pomeroy
1997; Gosselin et al. 1997). Yet, the distribution of ice
algal communities has not been extensively mapped and
the studies investigating the factors controlling their
abundance and seasonal development have been limited
in geographic extent (Legendre et al. 1992; Melnikov
1997). Furthermore, the contribution of ice algae to the
structure and function of benthic communities is only
beginning to be appreciated (Ambrose et al. 2001;
Cooper et al. 2002).

The distribution and abundance of ice algae are
highly variable (Gosselin et al. 1986; Cota and Smith
1991; Rysgaard et al. 2001), making it difficult to eval-
uate their role in marine ecosystems. It does appear,
however, that on a large-scale ice algae are a relatively
more important component of the Arctic marine
ecosystem with increasing latitude (Sakshaug 2004).



Small, meter-scale studies have related the distribution
of algal biomass to snow depth and ice thickness
(Alexander 1974; Gosselin et al. 1986; Welch and
Bergmann 1989; Bergmann et al. 1991; Cota and Smith
1991; Welch et al. 1991). These results suggest that
irradiance may be one of the most important environ-
mental factors in determining ice algal abundance (Cota
et al. 1991). Mesoscale studies (10s of meters to 10s of
kilometers) have revealed that salinity (Gosselin et al.
1986; Legendre et al. 1996), nutrients (Maestrini et al.
1986; Cota and Smith 1991), rate of ice growth
(Legendre et al. 1991) and sub-ice topography (Melni-
kov 1997) can be important determinants of ice algal
abundance. Differences in under-ice grazer communities
among areas (Gradinger and Bluhm 2004) might also
contribute to mesoscale variability of ice algal abun-
dance (Welch and Bergman 1989).

The abundance and species composition of ice algae
vary throughout the ice column (Horner 1985; Syvertsen
1991; Horner et al. 1992; Melnikov 1997; von Quillfeldt
et al. 2003) with the greatest accumulation of biomass
usually (but not always, see Gradinger 1999) occurring in
the bottom or sub-ice communities (Horner 1985; Mel-
nikov 1997), particularly in spring (Cota and Horne
1989). While many methods have been used to sample sea
ice for algae (see Horner 1990), the vast majority of studies
deploy cores from the ice surface, which underestimates
the abundance of ice algae in the sub-ice community
(Welch et al. 1988; von Quillfeldt et al. 2003). More
effective methods for sampling the under-ice algae, such as
diver cores and suction pumps (Welch et al. 1988), are
ineffective for determining mesoscale patterns of distri-
bution because of the large number of cores necessary to
determine patterns. Underwater cameras, remotely
operated vehicles (ROVs), and autonomous underwater
vehicles (AUVs) are being used with increasing frequency
to investigate the under-ice community (Sasaki and Wa-
tanabe 1984; Brierley and Thomas 2002; Schnack-Schiel
2003; Gradinger and Bluhm 2004). They offer the capa-
bility of surveying large areas quickly and relating pat-
terns of algae and animal abundance to sub-ice
topography and, when equipped with sensors, a host of
environmental parameters. Few studies in the Arctic,
however, have used under ice images to document the
distribution patterns of sub-ice algae and these studies
have been limited to ROV images at a few stations in the
Greenland Sea (Gutt 1995) and video images from a
camera lowered through the ice at 12 stations in the
Laptev Sea (Werner and Lindemann 1997).

We used an ROV equipped with a CTD to examine
mesoscale patterns of abundance of sub-ice algae in the
Northern Chukchi Sea in spring. These patterns were
related to data on snow depth, ice thickness, and surface
features collected simultaneously from the ice surface.
Distribution and abundance patterns of sub-ice algae
were related to environmental conditions within stations
(10s meters) and among stations (10s kilometers).

We also used the ROV to survey the seafloor at
locations where we surveyed the under ice surface. Ice
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algae may serve as an early-season carbon source for
benthic communities (Alexander 1980; Cary 1985, 1987,
Michel et al. 1997; Legendre et al. 1992; Ambrose et al.
2001), but the few studies, which have directly addressed
the presence of ice algae in sediments present conflicting
results (see Horner 1985 for review). Samples of sedi-
ment were examined for the concentration of algal pig-
ments and for cells of common ice algal taxa, allowing
us to relate the concentration of pigments and the spe-
cies composition in the sediment to the relative amount
and species composition of sub-surface ice algae.

Materials and methods
Study area

The Chukchi Sea is a shallow continental shelf area
(average depth 50 m) off the northwest coast of Alaska
(Fig. 1). The shelf of the Chukchi Sea is typically ice
covered from November through June (Carey 1991).
Water mass characteristics of the Chukchi Sea are
complex (Johnson 1989; Grebmeier et al. 1995), with the
southern Chukchi Sea influenced by three water masses:
(1) nutrient rich Anadyr Water, which originates in the
Bering Sea located on the west side of the shelf, (2)
nutrient-poor Alaskan Coastal Water found along the
Alaskan coasts and (3) Bering Sea Water located be-
tween these two water masses. A mixture of water types
influenced by freshwater from ice melt and river runoff
during the summer is found in the northern Chukchi Sea
(Johnson 1989). Barrow Canyon, which begins west of
Barrow Alaska and reaches a depth of 300 m before
opening out onto the slope, marks the boundary be-
tween the Chukchi and Beaufort Seas.

Sampling

We used a Phantom 2 ROV to examine sub-ice algae at
ten stations in the Chukchi Sea between 10 and 25 June
1998 (Fig. 1). The ROV was deployed from the United
States Coast Guard Cutter Polar Sea and carried a
SeaBird CTD that collected temperature and salinity
data at a sample rate of once a second. Quantitative
observations of ice algal cover were made with an up-
ward looking color camera with the ROV operating
approximately 1 m or less below the ice. At this distance,
the resolution of the video camera was apgroximately
1 cm and the field of view was about 0.25 m“. The ROV
was deployed for a minimum of 25 min at each station
and surveyed up to 100 m from the ship.

Specific locations for deploying the ROV were se-
lected on the basis of the ship’s ability to navigate a lead
and remain stationary adjacent to an ice floe. At six
stations, the ROV initially followed a transect of 2.5-cm
square wooden stakes driven through the ice from the
edge of an ice floe towards the floe’s center. Stakes were
usually placed 5 m apart beginning 1 m from the ice
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edge. In some cases, stakes were placed closer together,
approximately 2 m (poor water clarity, rapid change in
surface features), or further apart, approximately 10 m
(intervening ridge) than 5 m. Each stake protruded 1-
2 m below the bottom of the ice and the end of the stake
was painted with orange fluorescent paint and num-
bered. Snow depth (nearest 0.5 cm) and ice thickness
(10 cm SIPRE ice core, nearest 0.5 cm) were measured
at 5-10 locations adjacent to each stake. The locations
of surface features (melt ponds, ridges) along the tran-
sect were also recorded. Transect lengths varied from
approximately 20-85 m. At the four stations where a
transect was not established (stations 4, 7, 8, 12), the
ROV surveyed along a compass heading 90° to the ship.
At all these stations except station 8, snow depth and ice
thickness measurements were made from haphazard
locations on the ice. We could not get off the ship at
station 8 so ice thickness was determined from depth
data collected by the ROV’s CTD when the ROV was in
contact with the under-ice surface and correcting for the
CTD’s location on the ROV (£.1 m) and snow depth
was estimated.

At each station, one of the SIPRE ice cores was cut
into 10 cm sections and melted slowly at temperatures

just above freezing. The salinity (refractometer) and
concentration of chlorophyll « (standard flurometric
methods after extraction with 90% acetone; Yentsch
and Mensel 1963) were determined for each section. A
50-ml sample of each section of the melted core was
preserved in neutralized 4% formalin and examined for
the relative abundance of algal taxa at five stations
(stations 5, 7, 10, 11, 19). Here, we report only data from
the bottom 10 cm of the core. For the purpose of this
investigation only diatoms were counted, since they
usually predominate in bottom communities. Diatoms
are relatively resistant to osmotic shock and the method
used (slowly melting) yields accurate cell numbers.

Sediment samples were collected from six stations
(5,7,9, 10, 11, and 19) with a USNEL Mark III 0.25 m?
box core. Three replicate cores (9.5-cm inside diameter)
were taken at least 5 cm from the edge of each box and
divided into 1 cm sections, which were homogenized
before subsampling. One 1 cm® of homogonized sedi-
ment was analyzed immediately for chlorophyll ¢ and
phaeopigments with a fluorometer using standard
methods (extraction with acetone, methanol and dis-
tilled water, 45:45:10). Only data from the top 1 cm are
used in the comparisons described below.



Surface water samples were collected from 30-1 Ni-
skin bottles mounted on a rosette. Usually, 1 1 of water
was filtered through a GF/F filter, which was briefly
frozen before the pigments were extracted with 90%
acetone and concentrations of chlorophyll ¢ and phae-
opigments determined flurometrically (see Yager et al.
2001 for details and for additional data collected on the
cruise). A 50 ml sample of water was preserved and
analyzed for algal taxa as described above for ice.

Image and data analysis

The distribution and abundance of ice algae recorded on
video were examined both qualitatively and quantita-
tively. Four different morphological types of sub-ice
algae could be characterized and their distribution
qualitatively compared within and among stations.
Quantitative analysis consisted of determining the per-
cent cover of sub-ice algae in 20 video images in the
vicinity of each stake or, for stations without stakes,
from at least 20 images collected a minimum of 20 m
from the floe edge. Images for analysis were selected by
haphazardly stopping the videotape. The image dis-
played was selected for analysis if it was from the color,
upward viewing, camera and it was not over exposed.
Images were saved as TIFF images using Flashpoint
FPG 32 and analyzed for percent cover with Sigma
Scan.

Water salinity usually showed little change along a
transect and was only used for comparisons among
stations. Salinity data were averaged from 60 measure-
ments (1 min) taken from the middle of a transect.

Percent cover data and environmental parameters
were analyzed on two spatial scales, among stations (10s
kilometers) and within stations (10s meters). Measure-
ments made at stakes were averaged across all stakes at a
station for comparison among stations. Data from sta-
tions without stakes were also used in the among station
comparison. Pearson’s correlation coefficient (Sokal and
Rohlf 1969) was used to examine relationships among
latitude, longitude, ice thickness, snow depth, water
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salinity, ice salinity, ice chlorophyll, sediment chloro-
phyll, sediment phaeopigments, total sediment pigments,
and water chlorophyll, phaeopigments and total pig-
ments. Following the correlation, the relationships be-
tween percent cover of algae and the concentration of
total pigments in the sediment and water were examined
with linear regressions. Percent coverage data were
transformed using an arcsine transformation so they
conformed to a normal distribution prior to correlation
and regression analyses.

It was possible to make within station comparisons at
stations where stakes were established. For these anal-
yses, Pearson’s correlation coefficient was again used to
examine the relationships among percent cover of sub-
ice algae, distance from the floe edge, snow depth and ice
thickness. The correlation analysis was followed by a
multiple linear regression of snow depth, ice thickness,
and distance from floe edge on percent cover of algae.
These analyses were performed for all distances from the
ice edge and only for locations 20 m and greater from
the edge. Positioning the ship adjacent to a floe was
sometimes difficult and we felt the disturbance from the
ship, particularly its bow thrusters, might have disturbed
loosely attached algae near the ice edge.

The ROV was also used to survey the seafloor at the
same locations ice was examined except for at station 19,
which was too deep for the ROV. For bottom surveys,
the color camera was mounted pointing directly down
and the ROV operated so that the camera was about
20 cm from the sediment surface. At this distance, the
camera could resolve objects as small as 5 mm. Bottom
dives were 1-2 h in duration, during which time the
ROV moved at the speed of ship drift that varied be-
tween 1 knots and 4 knots.

Results

All of the stations were shallow, less than 50-m deep,
except for station 13, which was slightly deeper at 104 m
and station 19, which was at the mouth of Barrow
Canyon and 1,061-m deep (Table 1, Fig. 1). The ice map

Table 1 Station number, location, ROV transect length, ice and snow thickness and depth, sub-ice algal cover, and ice and water salinity

of the stations sampled in the Chukchi Sea in June

Station  Lat. N Transect  Ice Snow Algae Range Ice Water
Long. W length thickness (m)  depth (m) cover (%) algae cover (%)  salinity (%,)  salinity (%,)
(m)* mean (SD) mean (SD)  mean (SD) mean (SD)
4 70°29°163°25"  UD 0.65 0.04 0 - 2.6 32.351 (0.006)
5 71°08°162°40" 20 1.1 (0.06) 0.04 (0.01)  73.5(26.4)  39.5-79.5 2.8 32.344 (0.018)
7 71°37'161°077 UD 1.10 0.07 89.5(8.2) 87.0-100 39 32.958 (0.019)
8 71°54’161°54  UD 2.3 0.07 67.4 (39.7)  16.0-100 - 29.160 (0.220)
9 72°01'162°00" 17 1.25 (0.15) 0.08 (0) 438 (18.3)  23.8-59.6 5.5 32.818 (0.113)
72°26°162°00° 60 1.09 (0.26) 0.08 (0.03) 47.7(21.7)  22.4-88.3 8.0 32.737 (0.008)
11 71°36’161°32" 85 1.33 (0.29) 0.02 (0.02) 89.4(13.9)  56.1-100 34 31.807 (0.253)
12 71°22'160°46" UD 2.0 0.07 72.1 (33.8)  0-100 - 32.779 (0.028)
13 71°14’158°30" 60 1.06 (0.1) 0.02 (0.01)  78.0 (19.9)  36.2-100 2.9 13.234 (0.353)
19 72°02°153°56" 60 1.02 (0.36) 0.02 (0.01)  72.5(39.4)  0.8-100 5.5 30.791 (1.077)

4UD undetermined length; ROV moved haphazardly at least 20 m and up to 80 m from the ice edge for a minimum of 30 min
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(SSMI 85 GHz) for 10 and 11 June 1998 indicated 90—
100% ice cover north of about 71°N, except immediately
along the coast which was generally ice free. All stations
were covered by at least 80% and most stations by 90%
or more ice at the time of sampling. All of the ice
encountered was first year ice.

We were able to identify four growth types of algae
on the underside of the ice: strands/curtains, nets, pat-
ches, and film. Long strands and curtains were common
at four stations (7, 8, 9, 10, Table 2). These were up to 3-
m long and clearly were Melosira assemblages as de-
scribed by Apollonio (1985), Gutt (1995), and Melnikov
(1997). Melosira also grew as nets, sometimes coalescing
into mats at several of these stations (7 and 10) and at
station 19. Ice algae grew as small patches at many
stations, sometimes in depressions in the ice. The pat-
ches were less than a meter in their greatest dimension,
ranging in size down to the order of 0.20 m. Patches and
film were loosely attached because they were easily dis-
lodged by the ROV. Finally, a thin film of loosely at-
tached ice algae was observed as a layer on the top side
of blocks (1-2 m in all dimensions) under an ice ridge at
station 4 and on the underside of ice at many of the
other stations (Table 2).

The percent cover of ice algae, both among and
within stations, was highly variable (Table 1). With the
exception of station 4, the average algal coverage was
greater than 40% and there was no apparent qualitative
relationship between algae and sub-ice features. The
range of coverage among images at the same station,
even among images at the same location on the floe,
however, was typically very large (Table 1). At station
13 the two locations with the lowest coverage of algae
along the transect (30% and 60%) were the only loca-
tions under a melt pond.

We observed pieces of algae on the seafloor at every
station where we surveyed the bottom except stations 4
and 5, the first two stations surveyed. Pieces varied in
size up to a few centimeters in length and could be seen
moving along the bottom with the current as well as
trapped in depressions. These pieces were easily dis-
turbed by the movement of the ROV. Although we were
not able to collect any of these pieces, we surmised they
were pieces of the strands and curtains of Melosira, we
observed under the ice at many stations.

The taxonomic diversity of algae in the ice cores from
this region has been reported to be extraordinarily high,
with over 250 taxa recorded from one entire core and the
bottom 20 cm of another at a station slightly further
south than our southern most station (von Quillfeldt
et al. 2003). A total of 46 taxa were identified from
sediment at station 7. The relative abundances of the
nine most common taxa in the ice and sediment dem-
onstrate that sediment contains spores or cells of typical
phytoplankton and ice algal taxa (Table 3). Phyto-
plankton taxa or taxa that live facultatively in ice and
plankton were proportionally more common in the
sediment than typical ice algal taxa, but ice algal taxa
(Melosira arctica, Nitzschia frigida, N. cf. promare) were

present in the sediment. Synedropsis hyperborea is an
epiphytic species, particularly on M. arctica, but also on
Fossula arctica, Fragilariopsis oceanica, and N. frigida,
(Horner et al. 1988; Syvertsen 1991; von Quillfeldt 1997)
and was recorded from the ice and the sediment. The
percent composition of the obligate ice algae taxa
(M. arctica, N. frigida, N. frigida cf. promare) and the
most common facultative ice/phytoplankton taxa
(Fragilariopsis oceanica, Fossula arctica) make up 36%
of the cells in the sediment, very close to the 32% they
represent in the ice.

There were few significant correlations among bio-
logical and physical variables at the large, among sta-
tion, scale (Table 4). No physical variables were
correlated with percent coverage of ice algae on the
under ice surface or with pigments in the bottom 10 cm
of ice. There was a significant positive relationship,
however, between the percentage coverage of ice algae
and the concentrations of all pigments in the sediment,
with coverage of ice algae explaining 79.7% (linear
regression, P <0.02) of total sediment pigments (Fig. 2).
Ice algal cover was negatively correlated with water
chlorophyll a, phaeopigments, and total pigments (Ta-
ble 4) and explained 63.7% of the variability in total
water pigments (P <0.02, Fig. 2).

There was little variation in ice thickness or snow
depth at the scale of individual ice floes (Table 5).
Nevertheless, percent coverage of ice algae was posi-
tively correlated with distance from the edge of the ice
floe and negatively correlated with snow depth at the 10-
m scale within stations (Table 6). This analysis was re-
stricted to locations 20 m or farther from the floe edge to
reduce possible effects of mooring the boat on algal
coverage near the ice edge, but if locations less than
20 m are included the results are nearly identical. Using
just data from greater than 20 m from the floe edge,
snow depth and distance from the edge explained 32.2%
of the variability in ice algal coverage (multiple linear
regression, P <0.001, percent coverage=0.998+0.008
distance 4.39 snow depth).

Discussion
Ice algal distribution and abundance

The large aggregations of Melosira we observed at
many stations are in contrast to earlier observations in
the Barents Sea and central Arctic Ocean where these
assemblages were reported to typically be restricted to
multi-year ice (Horner et al. 1988, 1992; Melnikov 1997,
Syvertsen 1991); but in agreement with observations
from Northeast Greenland (Gutt 1995; von Quillfeldt
1997), the central Arctic Basin (Gosselin et al. 1997), and
the Laptev Sea (Werner and Lindemann 1997) where
similar aggregations have been recorded from first year
ice. Whether he observed these diatom aggregations on
multi-year or less commonly first year ice in the central
Arctic Basin, Melnikov (Melnikov 1997; Melnikov and
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Table 3 Mean percent abundance (standard error) of common algal taxon collected in the bottom 10 cm of ice cores and the top 1 cm of
sediment cores and from surface water at five stations (5,7,10,11, and 19) in the Chukchi Sea in June

Taxa Ice Water Sediment
Chaetoceros furcellatus (P) 0.1 (0.1) 0.2 (0.2) 7.2 (1.2)
Chaetoceros socialis (P) 0.1 (0.1) 1.8 (1.3) 10.7 (1.4)
Fossula arctica (1/P) 44 (1.2) 56.4 (5.1) 13.8 (1.6)
Fragilariopsis oceanica (1/P) 3.6 (1.4) 21.9 (4.2) 11.4 (2.1)
Melosira arctica (1) 1.9 (1.7) 0.3 (0.1) 7.5 (0.6)
Nitzschia frigida (1) 16.1 (2.6) 39(1.2) 3.4 (0.4)
Nitzschia cf. promare (1) 5.8 (2.1) 0.1 (0.1) 0.2 (0.1)
Thalassiosira antarctica var. borealis (P) 0 0.7 (0.5) 6.2 (0.8)
Synedropsis hyperborea (E) 12.4 (5.4) 0.5 (0.5) 0.8 (0.2)

Letters following the taxa indicate common habitat: P plankton, 7 ice, I/P ice and plankton, E epiphyte

Bondarchuk 1987) always found them in areas protected
from strong currents. These zones or ‘hydrodynamic
shadows’ were formed by under ice structures that al-
lowed these assemblages to persist for several weeks
(Melnikov 1997). While we sometimes observed small
patches of ice algae in depressions (station 5) or on tops
of ice blocks under a ridge (station 4) the long strands,
ropes and curtains of Melosira, we observed at many
stations were not associated with any under ice struc-
tures such as cracks or hummocks, which might provide
protection from currents. A relationship between under
ice structure and large accumulations of Melosira may
be more common on multi-year than first year ice or in
areas with strong currents where large aggregations of
algae cannot develop in unprotected areas. Nevertheless,
Melnikov’s (1997) estimate that such assemblages oc-
cupy 2% of arctic sea ice based on an estimate of the
areca of hummocks is likely very low. Our observations
suggest that on the Chukchi Sea shelf, large accumula-
tions of Melosira and associated diatoms are common
over large areas of the under ice surface.

The distribution of sub-ice algae was marked by
variability at both large, among station, and small,
within-station, scales (Tables 1, 5). Light is the single
most important factor in determining abundance of ice
algae on large- and small-scales in both the Arctic
(Gosselin et al. 1986, 1990; Hsiao 1988; Welch and
Bergmann 1989; Cota et al.1991; Rysgaard et al. 2001)
and Antarctic (Brierley and Thomas 2002). Snow depth
and ice thickness were probably the major determinants
of light in our study and neither varied tremendously
among stations (Table 1). Low variability likely ac-
counts for the lack of correlation among these factors
and percent cover of sub-ice algae at a mesoscale (Ta-
ble 4). The lack of significant relationships may also be
due to sampling late in the season when snow and ice
melt was well underway. Variability in ice structure
caused in part by variability in ice salinity is also a major
determinant of algal abundance (Gosselin et al. 1986,
1997; Robineau et al. 1997), but again there was not
much variability in ice or water salinity among our
stations (Table 1). High variability is a hallmark of ice
algal distribution (Alexander 1980; Gosselin et al. 1986;
Cota and Smith 1991; Rysgaard et al. 2001; Brierley and

Thomas 2002), but the physical factors we measured
were unable to explain this variability on a mesoscale.

Distance from the floe edge and apparently irradiance
appeared to be important in determining the small scale,
within station, distribution of ice algae. The pattern of
increased abundance of sub-surface ice algae with dis-
tance from the floe edge held for distances greater than
20 m from the floe edge, so the pattern is probably not
related to ship disturbance. Although, we noted no dif-
ferences in current flow with distance from the ice edge,
it is also possible that current flow decreases with dis-
tance from the floe edge resulting in less algae being
dislodged with distance from the edge. Disturbance from
waves would decrease with distance from the floe edge
and could explain the pattern we observed. The percent
cover of ice algae was negatively correlated with snow
depth (Table 6), a relationship that has been well doc-
umented throughout the Arctic and is a consequence of
snow reducing light (Gosselin et al. 1986; Smith et al.
1988; Welch and Bergman 1989). Together snow depth
and distance from the floe edge explain a little over a
third of the variability in percent coverage of sub-surface
ice algae, so other factors are clearly important. Near
Resolute, snow thickness and light explained 77% of the
variability in under-ice algal biomass (Welch and Berg-
mann 1989). Small-scale variation in the under-ice sur-
face can also affect algal growth and biomass (Krembs
et al. 2002). More studies, using nondestructive means,
of algae abundance on the scale of 10s of meters are
needed before we will understand variability in sub-ice
algal abundance at this scale.

Few studies have recorded the presence of ice algae
on the seafloor or in sediments (Alexander and Chap-
man 1981; Pomeroy et al. 1990; Ambrose et al. 1994)
and direct observation of ice algae on the bottom has
only been made by divers in shallow water (Alexander
and Chapman 1981; Pomeroy et al. 1990). Our obser-
vation of ice algae at the sediment water interface at
seven of the nine stations where the bottom was sur-
veyed indicates that ice algae commonly reach the bot-
tom over a large area and range of depths in the Chukchi
Sea. Furthermore, the documentation of obligate ice
algal taxa in the sediment (Table 3) demonstrates that
this material is incorporated into the sediment. The



Table 4 Correlation matrix of physical and biological parameters

Water Water

Water
chl a

Sed. phaeco. Sed. tot. pig.

Sed

Ice

Snow depth Water sal. Ice sal.

Long. Ice thick.

Lat.

tot. pig.

phaeo.

chl a

chl a

0.866**

—0.721INS
—0.925%*
—0.779NS

0.893%*

—0.617NS
—0.897**
—0.690NS
0.730NS

0.919*

0.572NS
—0.375NS
—0.234NS
—0.352NS
0.543NS

—0.159NS  0.375NS

—0.318NS
—0.329NS
—0.321NS

—0.213NS
0.403NS

—0.002NS 0.019NS

—0.262NS
0.224NS
0.118NS

0.288NS
—0.035NS

0.082NS

0.31INS
0.140NS
0.059NS
0.050NS
0.062NS
0.10INS
0.416NS
0.082NS

—0.382NS

0.509NS
0.52INS

—0.509NS  0.345NS

—0.206NS  0.585NS
—0.326NS  0.567NS
—0.368NS  0.485NS
—0.613NS  0.382NS
—0.442NS  0.463NS

0.327NS
0.177NS
0.032NS

—0.158NS  0.028NS

0.063NS
0.510NS
0.356NS
0.447NS
0.488NS

—0.158NS  0.432NS
0.174NS

—0.148NS  0.473NS
—0.44INS  0.544NS

—0.230NS 0.50INS

—0.029NS  0.335NS
0.498NS

—0.317NS
0.296NS
0.307NS
0.088NS
0.851**
0.290NS

Snow depth
Water sal.

Ice sal.
Water phaco.

Ice thick

Ice chl a
Sed. chl a
Sed. phaeo.
Sed. tot. pig.
Water chl a

Long.

0.926**

0.991 ***

Water tot. pig.

—0.918** —0.790*

—0.716*

—0.219NS 0.009NS

—0.237NS

—0.328NS  0.639NS
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Fig. 2 Regressions of the concentration of total plant pigments
(chlorophyll a and phaeopigments) in the water and sediment on
percent cover of sub-ice algae as determined by ROV images in the
Chukchi Sea in June 1998

obligate ice taxa and the facultative ice/phytoplankton
taxa make up 36% of the cells in the sediment, very close
to the 32% they represent in the ice. There is no corre-
spondence at the species level, however, between the
percent composition of dominant algae in the ice and
sediment at the five stations where both were sampled
(Table 2). The obligate ice algal taxon Melosira arctica,
is proportionally more abundant in the sediment com-
pared to the overlying ice (Table 3), but this species is
typically found in the sub-ice community, which is under
represented by surface ice coring, so our ice abundance

Table S Mean (standard error) percent cover of algae on the
underside of the ice, ice thickness, and snow depth with increasing
distance from the ice edge at stations 5, 9, 10, 11, 13, and 19 in the
Chukchi Sea in June 1998

Distance Algae % Ice
from ice edge (m) cover thickness (m)

Snow depth (m)

Values used are averages and can be found in Tables 1, 2. Top number indicates the Pearson correlation coefficient between the two variables. The symbol below indicates the statistical

significance level: NS indicates a nonsignificant (P> 0.05), *P <0.05, **P<0.01, ***P < 0.001
Lat. latitude, Long. longitude, thick. thickness, sal. salinity, Sed. sediment, chl a chlorophyll a, phaeo. phaeopigments, tot. total, pig. pigments

Algae % cover

1 57.8 (19.2)  1.05(0.09)  0.04 (0.006)
5 61.0 (20.5) 1.1 (0.08) 0.04 (0.01)
10 59.7 (14.1) 1.1 (0.08) 0.04 (0.01)
15 82.3 (15.4) 1.1(0.13) 0.02 (0.01)
20 65.3(15.2) 1.1 (0.09) 0.05 (0.02)
25 70.9 (16.8) 1.0 (0.09) 0.04 (0.13)
30 78.6 (10.1) 1.0 (0.04) 0.04 (0.01)
35 72.6 (9.9) 0.9 (0.11) 0.05 (0.03)
40 764 (13.1) 1.3 (0.22) 0.07 (0.03)
45 80.0 (10.9) 1.3 (0.18) 0.02 (0.002)
50 789 (6.7) 1.3 (0.19) 0.03 (0.01)
55 944 (5.6) 1.2 (0.09) 0.04 (0.003)
60 782 (17.5) 1.6 (0.62) 0.01 (0.0)
70 100 0.9 0.03

75 99.1 0.9 0.02

80 100 0.9 0.03

85 76.8 0.9 0.02
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Table 6 Correlation matrix of percent coverage of ice algae
(transformed) determined from ROV images, snow depth, and
distance from floe edge (20-80 m)

Ice thickness  Distance Snow depth
from edge
Distance from edge  0.272NS
Snow depth 0.084NS 0.112NS
Algae % coverage 0.034NS 0.383%* —0.379*

Top number indicates the Pearson correlation coefficient between
the two variables. The symbol below indicates the statistical sig-
nificance level: NS indicates nonsignificant difference, *P < 0.05,
**p< 0.01

numbers may be low. The sediment also integrates
material deposited from ice and water column commu-
nities over a long period of time (weeks to months), so
lack of correspondence in species composition between
ice and sediment is not surprising.

The significant positive relationship between percent
cover of ice algae in the sub-ice community and sediment
pigment concentrations (Fig. 2), suggests a coupling
between the two communities. Ice algae fall rapidly to
the seafloor with the onset of ice melt in spring
(Tremblay et al. 1989; Reibesell et al. 1991; Ambrose
and Renaud 1995; Michel et al. 1997; Bauerfeind et al.
1997). Consequently, benthos under areas of high algal
cover might expect to have high sediment pigments,
reflecting fairly recently sedimented material. The shal-
low depth of the Chukchi Sea increases the likelihood
that benthic pigments are a reflection of dynamics in the
overlying ice and water. The fact that percent cover of
ice algae can explain nearly 80% of the variability in
total sediment pigments in the underlying sediment is
remarkable. The relationship between algal cover and
sediment pigments suggests that ice algae reaches the
seafloor quickly because the benthos accumulates pig-
ments over a period of time and ice is continually
moving. Conversely, ice and associated algal cover re-
duces light available to water column algae; possibly
explaining the negative relationship between algal cover
and water column pigments (Fig. 2). The relationships
between ice algal cover and pigments should be inter-
preted cautiously, however, because they are based on
limited data. It is possible that these relationships have
nothing to do with vertical processes and are all a
reflection of advection of material to the water and
benthos from other areas. Taken together, the pigment
and taxonomic data suggest that ice algae reach the
seafloor and consequently might be an important food
source for benthic organisms, particularly early in the
season, as suggested by others (Dunbar 1977; Bradstreet
and Cross 1982; Carey 1985, 1987; Ambrose et al. 2001).

Methodological considerations

Remote sensing is a common method of quantifying
patterns of distribution and abundance of plants and

animals in marine systems where physical sampling is
difficult, prohibitively time consuming, biased, or
dangerous (Auster et al. 1989). Under-ice communities
in the Arctic and Antarctic are notoriously difficult to
sample because of the very patchy distribution of the
flora and fauna (Schnack-Schiel 2003), the bias of sur-
face coring, and the hazards of diving. Remote methods
of observing sub-ice communities have proven successful
in the Arctic (Alexander 1980; Gutt 1995; Werner and
Lindemann 1997; Gradinger and Bluhm 2004) and
Antarctic (Brierley and Thomas 2002) at revealing pat-
terns of ice algal distribution and abundance.

The inability of surface ice cores to adequately
sample the sub-ice algal community has been recog-
nized for a long time (Alexander 1980; Welch et al.
1988; Horner et al. 1992) and has undoubtedly led to
a biased view of the distribution, abundance and
importance of ice algae in the Arctic ecosystem.
Underestimation of ice algae may be particularly se-
vere late in the season; before ice melt but when the
sub-ice community is well developed. Late in the
season in Resolute, in the Canadian archipelago, SI-
PRE cores underestimate ice algal chlorophyll ¢ by as
much as 90% compared to subsurface cores (Welch
and Bergmann 1989). This was also evident in our
investigation in which the ROV showed long strands
of Melosira arctica, but few cells of the species were
found in the ice (Tables 2, 3). The high percent cov-
erage of sub-ice algae we observed (Table 1), indicates
that this community constitutes a large portion of the
total biomass of ice algae in the spring. Primary
production studies based on ice cores, even when
carefully collected to avoid loss of the bottom portion
(Hsiao 1988; Smith et al. 1988; Mock and Gradinger
1999), do not adequately measure the contribution of
the sub-ice community to total primary productivity.
Only those studies which measure primary productiv-
ity in situ, without disturbing the sub-ice algal com-
munity or collect cores from the under-ice surface
provide an accurate view of the contribution of this
assemblage to primary productivity (Herman et al.
1993; McMinn et al. 2000; Kiihl et al. 2001; Rysgaard
et al. 2001).

Percent cover is commonly used to quantify the
abundance of sessile plants and animals in marine
communities. To our knowledge it has never been
used to quantify the abundance and distribution of
under-ice algae. However, quantifying the abundance
of under-ice algae using percent cover is not without
bias. Percent cover was most easily determined for
discrete patches of algae because the border of the
patch was easily discernable and the algae were largely
two dimensional. In contrast, meter long strands and
curtains of Melosira were not easily quantified by our
measure of percent cover. Their abundance was
underestimated because they sometimes hung down
beyond the ROV camera and because they are three
dimensional. Thin films of diatoms were also difficult
to quantify as the borders of the patches were often



vague and it was sometimes hard to distinguish a thin
film from interstitial algae visible through the ice. In
the only other study to quantify the abundance of
sub-ice algae, divers counted aggregates of ice algae in
replicate areas of under ice surface (Melnikov 1997).
ROV imagery provides a fast and safe means of sur-
veying large areas of ice and images can be used for
measurement of percent cover or density. Given the
variety of growth forms, we encountered we decided
that percent cover, despite biases, was a better mea-
sure of sub-ice algal abundance than density. Several
of the patterns in sub-surface ice algal abundance, we
documented are in agreement with other studies con-
ducted on smaller scales, which suggests that percent
cover can be used to assay the abundance of under-ice
algae.

Conclusion

Ice algae are an undeniably important component of
polar marine systems, but are only rarely included in
ecosystem models (Welch et al. 1992). In the Arctic,
most studies investigating the distribution and abun-
dance of ice algae have largely relied on surface coring to
collect ice algae and collected few replicate cores per
station despite ice algae’s well documented spatial vari-
ability. Divers (Melnikov and Bondarchuk 1987) and
subsurface coring (Welch and Bergmann 1989) have
collected valuable observations and data, but the spatial
extent of these studies is limited. Remote imaging has
the potential to survey large areas of the sub-ice algal
community; exploring factors controlling the distribu-
tion and abundance of this important component of the
ice algal community. Our survey of the under-ice com-
munity in the Chukchi Sea not only extends the imaging
work of Gutt (1995) and Werner and Lindemann (1997)
to the western arctic, but it also revealed patterns of ice
algal abundance under the ice and on the seafloor at
scales ranging from 10s of meters to 10s of kilometers.
The large biomass of sub-ice algae observed at many
stations in the Chukchi Sea, and the presence of ice algae
over large areas of an Arctic shelf indicate that sub-ice
algae likely play an important role in the function of the
Arctic marine ecosystem.
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