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Strong correlations of sea ice cover with macroalgal
cover along the Antarctic Peninsula: Ramifications
for present and future benthic communities

Charles D. Amsler1,*,y , Margaret O. Amsler1,y, Andrew G. Klein2,z,
Aaron W. E. Galloway3, Katrin Iken4, James B. McClintock1, Sabrina Heiser1,5,
Alex T. Lowe6, Julie B. Schram3,7, and Ross Whippo3

Macroalgal forests dominate shallow hard bottom areas along the northern portion of the Western Antarctic
Peninsula (WAP). Macroalgal biomass and diversity are known to be dramatically lower in the southern WAP
and at similar latitudes around Antarctica, but few reports detail the distributions of macroalgae or
associated macroinvertebrates in the central WAP. We used satellite imagery to identify 14 sites differing
in sea ice coverage but similar in terms of turbidity along the central WAP. Fleshy macroalgal cover was
strongly, negatively correlated with ice concentration, but there was no significant correlation between
macroinvertebrate cover and sea ice. Overall community (all organisms) diversity correlated negatively
with sea ice concentration and positively with fleshy macroalgal cover, which ranged from around zero at
high ice sites to 80% at the lowest ice sites. Nonparametric, multivariate analyses resulted in clustering of
macroalgal assemblages across most of the northern sites of the study area, although they differed greatly
with respect to macroalgal percent cover and diversity. Analyses of the overall communities resulted in three
site clusters corresponding to high, medium, and low fleshy macroalgal cover. At most northern sites,
macroalgal cover was similar across depths, but macroalgal and macroinvertebrate distributions suggested
increasing effects of ice scour in shallower depths towards the south. Hindcast projections based on
correlations of ice and macroalgal cover data suggest that macroalgal cover at many sites could have been
varying substantially over the past 40 years. Similarly, based on predicted likely sea ice decreases by 2100,
projected increases in macroalgal cover at sites that currently have high ice cover and low macroalgal cover
are substantial, often with only a future 15% decrease in sea ice. Such changes would have important
ramifications to future benthic communities and to understanding how Antarctic macroalgae may
contribute to future blue carbon sequestration.
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1. Introduction
Globally, the growth and productivity of photoautotrophs
can be limited by light, nutrients, temperature, or, in ter-
restrial environments, the availability of water (Field et al.,
1998). Although marine microalgae and macroalgae are
commonly growth-limited by nutrients (Falkowski and
Raven, 2007; Hurd et al., 2014), Antarctic macroalgae are
limited primarily by light (Wiencke et al., 2007; Deregibus
et al., 2020). Light availability to the Antarctic benthos is
impacted by shading from phytoplankton blooms, sedi-
ment runoff from melting glacial ice, and particularly by
overlying sea ice (Knox, 2007; Deregibus et al., 2020;
Huovinen and Gómez, 2020).

Annual sea ice extent in the Southern Ocean surround-
ing Antarctica as a whole has varied dramatically over
recent years (Stammerjohn and Maksym, 2017; Maksym,
2019; Eayrs et al., 2021), including record high extent in
2014 and record low extent in 2017 (Eayrs et al., 2021).
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Although the sea ice cover around the continent as
a whole increased between 1979 and 2014, the Belling-
shausen/Amundsen Sea region, which includes the West-
ern Antarctic Peninsula (WAP; Figure 1), experienced an
overall decline in ice cover (Stammerjohn and Maksym,
2017). Mean sea ice cover along the WAP substantially
decreased during the second half of the 20th century,

which was consistent with observed warming in the
region (Ducklow et al., 2007; Turner et al., 2016).
Although air temperatures have cooled slightly since
1999 and sea ice cover off the northernmost portion of
the WAP region increased (Turner et al., 2016), sea ice
cover has not increased significantly over the central por-
tion of the WAP, at least until recently (Obryk et al., 2016;

Figure 1. Study sites along the central Western Antarctic Peninsula. Inset shows the entire Antarctic Peninsula,
with both our sites and those of Moe and DeLaca (1976) indicated along the western side of the Peninsula. The 14
research sites, designated north to south as A through N, were studied between April 23 and May 18, 2019. Their
locations spanned the range of annual sea ice coverage (color scale bar); coordinates are provided in Table S1.
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Turner et al., 2016; Henley et al., 2019). These changes in
annual sea ice cover along the WAP have had notable
impacts on marine ecosystems (Clarke et al., 2007; Duck-
low et al., 2007; Ducklow et al., 2013; Kerr et al., 2018;
Henley et al., 2019; Lin et al., 2021). A majority of these
previous studies of the influence of annual sea ice cover
on WAP marine ecosystems have focused on pelagic com-
munities, although the influence of annual sea ice cover
on the structure of deep water, soft substrate benthic
communities has also received some attention (Smith et
al., 2012; Säring et al., 2022).

Macroalgae dominate shallow benthic communities on
hard substrates along the northern portion of the WAP,
often covering over 80% of the bottom and with standing
biomass levels comparable to temperate kelp forests
(Wiencke and Amsler, 2012; Quartino et al., 2020). Recent
modeling has predicted that the net primary production
of subtidal macroalgae on the WAP and in many other
polar areas exceeds that of coastal phytoplankton by 10-
fold (Pessarrodona et al., 2022), although only a few
empirical studies of WAP macroalgal productivity were
available to the authors. Several species of large, perennial
brown algae are particularly abundant along the WAP.
Desmarestia menziesii and/or Desmarestia anceps typically
dominate in shallower waters down to approximately 10–
20 m depth with Himantothallus grandifolius dominating
from 10–20 m down to 40 m or greater (Wiencke and
Amsler, 2012; Wiencke et al., 2014). Cystosphaera jacqui-
notii can co-dominate with H. grandifolius below 25 m,
and Ascoseira mirabilis or Desmarestia antarctica can
sometimes be locally important in shallower waters
(Wiencke et al., 2014). Although these species dominate
in biomass, well over 100 species of macroalgae are found
in shallow water along the WAP (Wiencke and Amsler,
2012; Wiencke et al., 2014; Oliveira et al., 2020).

This general pattern of macroalgal dominance has been
reported since 1906 including at least 38 times since 1965
(Appendix S1) from numerous locations along the broader
WAP region from its northeastern limit at Signy Island
(60�S) south to Anvers Island (64�S; Figure 1). However,
we are aware of only limited qualitative reports and of no
quantitative data on the relative abundance or importance
of macroalgae and other hard-bottom biota farther south
between Anvers Island and Adelaide Island (67.6�S; Figure
1). In the early 1970s, Moe and DeLaca (1976) and DeLaca
and Lipps (1976) visited 32 sites along the WAP between
Elephant Island (61.2�S) and the Terra Firma Islands in
Marguerite Bay (68.7�S), including 14 sites south of
Anvers Island (Figure 1). Both qualitative reports describe
a drop off in both species richness and biomass south of
Anvers Island. These reports also qualitatively describe
decreases in richness and biomass at more turbid, pro-
tected sites compared with exposed sites. Among the
major biomass contributors, only Desmarestia menziesii
and Himantothallus grandifolius were reported as far
south as Adelaide Island (Figure 1). None of the other
common brown algae were reported farther south than
66�S. These records correspond with more recent qualita-
tive and quantitative studies near Rothera Station (Figure
1) on Adelaide Island (Barnes and Brockington, 2003;

Bowden, 2005; Mystikou et al., 2014). Relatively low spe-
cies richness is also described from other locations of
similar latitude throughout Antarctica (e.g., Zaneveld,
1966; Dhargalkar et al., 1988; Kirkwood and Burton,
1988; Irving et al., 2005; Johnston et al., 2007; Clark et
al., 2013; Clark et al., 2015a), although cover of the rela-
tively few macroalgal species can be substantial at some
sites, at least over narrow depth ranges (e.g., Irving et al.,
2005; Johnston et al., 2007).

Moe and DeLaca (1976) hypothesized that the observed
decreases in macroalgal biomass and diversity in more
southerly sites along the WAP were the result of decreased
light levels caused by increasing annual sea ice cover. This
is consistent with a strong inverse correlation between
annual sea ice cover and macroalgal abundance in bays
in the Windmill Islands (66�S in East Antarctica) reported
by Clark et al. (2013). They also measured the underwater
light levels at their sites along with the light requirements
for growth in the four dominant macroalgae (Desmarestia
menziesii, Himantothallus grandifolius, and two smaller
red macroalgae). Using those data, they modeled the
impact of increased irradiance due to reduced sea ice
cover and predicted that even relatively modest decreases
in ice cover could result in sites currently dominated by
benthic macroinvertebrates switching to dominance by
fleshy macroalgae (Clark et al., 2013). Subsequent model-
ing suggested that the same pattern was likely in other
parts of Antarctica (Clark et al., 2015b). The corresponding
situation with increasing changes in ice cover has been
observed at another site in East Antarctica, Common-
wealth Bay (67�S), which historically was ice-free most of
the year due to strong winds except where annual sea ice
coverage became continuous because of the grounding of
a huge iceberg in 2010 (Clark et al., 2015a).Within 3 years
of the grounding, the macroalgae were either decompos-
ing or at least severely bleached, while benthic inverte-
brates were increasing in abundance (Clark et al., 2015a).

Macroalgae along the WAP contribute to the base of
the food web (Dunton, 2001; Aumack et al., 2017). How-
ever, most abundant Antarctic macroalgal species are
chemically defended from herbivores and probably are
rarely consumed while alive (Amsler et al., 2014, 2020).
A single amphipod species, Paradexamine fissicauda, is
known to be able to consume a few chemically defended
red macroalgae, including the relatively widespread spe-
cies Plocamium sp. and Picconiella plumosa (Amsler et al.,
2013; Heiser et al., 2020). Palmaria decipiens, which can
be locally abundant, is the only common species known to
be palatable to a variety of herbivores (Becker et al., 2011;
Amsler et al., 2020). However, the widespread overstory
brown macroalgae Himantothallus grandifolius (Reichardt
and Dieckmann, 1985) and Desmarestia anceps (Amsler et
al., 2012a; Braeckman et al., 2019) become relatively pal-
atable to amphipods and other consumers within weeks of
death. Carbon from other chemically defended macroal-
gae are probably also important contributors to local con-
sumers based on analyses of stable isotopes, fatty acids,
and gut contents of macroalgal-associated amphipods
(Aumack et al., 2017).
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Macroalgal carbon is of particular importance to Ant-
arctic benthic detrital food chains (Dunton, 2001; Corbi-
sier et al., 2004; Quartino et al., 2008). Benthic detrital
food chains based on macroalgae should be much less
seasonal than those based on phytoplankton blooms, and
thus macroalgae may be much more important as a carbon
source for the Antarctic benthos than they are in temper-
ate seas (Reichardt, 1987). Drift macroalgae are abundant
in pockets on the coastal seafloor (Neushul, 1965;
Brouwer, 1996a; C Amsler, M Amsler, K Iken, personal
observations). Macroalgae are one of the major sources
of dissolved and particulate detritus in coastal waters
(Dawson et al., 1985; Lastra et al., 2014). Macroalgal frag-
ments can be common even in deep-water Antarctic com-
munities (Reichardt, 1987; Fischer and Wiencke, 1992;
Grange and Smith, 2013; M Amsler, personal observa-
tions), and biogenic flux and stable carbon isotope studies
have suggested that macroalgae can be major sources of
deep-water sediment carbon (Liebezeit and von Bogun-
gen, 1987; Fischer and Wiencke, 1992). The kinetics of
macroalgal detritus formation is as efficient in the Antarc-
tic as in lower latitudes (Reichardt and Dieckmann, 1985),
and Antarctic sedimentary bacterial communities actively
degrade macroalgal detritus (Aromokeye et al., 2021). A
major portion of the primary production of Himantothal-
lus grandifolius is lost by blade erosion; in contrast to
phytoplankton, this carbon input to the detrital commu-
nities continues throughout the year (Dieckmann et al.,
1985). Although living drift Desmarestia anceps decays
fairly slowly via fragmentation, carbon from dead macro-
algae is recycled relatively quickly (mostly within 90 days
or less; Brouwer, 1996a; Braeckman et al., 2019). In shal-
low, soft bottom communities macroalgal fragments form
an important nutritional component of diets for several
animal groups including amphipods, ascidians, sea urch-
ins, fish, sea cucumbers, bivalves, and polychaetes (Corbi-
sier et al., 2004; Tatián et al., 2004; Tatián et al., 2008). The
importance of large brown macroalgae as a carbon source
in northern parts of the WAP is not surprising considering
that detritus from large brown algae has been shown to be
an important carbon source to shallow water communities
in the sub-Antarctic (Kaehler et al., 2006; Andrade et al.,
2016), Arctic (Renaud et al., 2015; Buchholz and Wiencke,
2016; Schimani et al., 2022), and many temperate regions
(e.g., Duggins et al., 1989; Filbee-Dexter and Scheibling,
2014; Lowe et al., 2014).

Macroalgal-derived carbon is increasingly recognized
beyond its roles in food webs, including as a potential
major contributor globally to blue carbon sequestration
in the context of climate change mitigation (Raven, 2018;
Ortega et al., 2019; Queirós et al., 2019; Dolliver and
O’Connor, 2022). Antarctica is already an important con-
tributor to global blue carbon sequestration and is likely
to become even more so as climate change increases the
potential for sequestration in the Southern Ocean and
diminishes the potential for sequestration elsewhere
(Gogarty et al., 2019; Barnes et al., 2021; Bax et al.,
2021). The increases in Antarctic blue carbon sequestra-
tion potential will come from a variety of sources, includ-
ing glacial retreat uncovering new benthic habitat along

shorelines and ice shelf breakup uncovering sometimes
vast areas of primarily deeper benthos, but predominantly
from decreases in annual sea ice coverage that increases
primary productivity (Barnes et al., 2018; Barnes et al.,
2021). Most studies of blue carbon in Antarctica have not
considered macroalgae, but their inclusion in blue carbon
estimates for shallow waters greatly increases overall pro-
jected carbon sequestration (Morley et al., 2022). A variety
of models predict that annual sea ice cover off the Ant-
arctic continent as a whole will decline 15%–50% or more
by 2100 (Cavanagh et al., 2017; Roach et al., 2020; Rackow
et al., 2022). Understanding how this decline will impact
macroalgal communities will be critical for Antarctic blue
carbon projections.

Somewhere between the rich macroalgal communities
found at Anvers Island and northward and the relatively
sparse macroalgal communities found at Adelaide Island
and southward, this important resource for benthic con-
sumers becomes greatly diminished. The central hypothe-
sis of the research reported here was that a gradient in
annual sea ice coverage, primarily reflected by a latitudinal
gradient, is a major driver of this geographic pattern. A
main goal was to understand where and why changes in
macroalgal cover occur in order to better enable under-
standings of the ramifications to higher trophic levels. A
second goal was to understand how macroalgal cover and
biomass may have been changing as annual sea ice cover-
age has varied in the past, and to make predictions about
how ice coverage might change in the future under pre-
dicted declines in sea ice coverage due to climate change.
Such changes would have ramifications not only to future
benthic communities along the WAP, but also to under-
standing how macroalgae may contribute to future blue
carbon sequestration and, therefore, the potential for
increasing negative feedbacks on climate change from the
shallow WAP benthos.

2. Methods
2.1. Study sites

Forty-one potential study sites between the Rosenthal
Islands off the southwest coast of Anvers Island (64.6�S,
64.3�W; Figure 1) in the north and the Terra Firma Islands
in Marguerite Bay (68.7�S, 67.5�W; Figure 1) in the south
were identified based on the true color 15 m Panshar-
pened Landsat Image Mosaic of Antarctica (LIMA;
Bindschadler et al., 2008). Turbidity during open water
periods from 2012 to 2018 measured as a diffuse attenu-
ation coefficient was determined using the Visible Infra-
red Imaging Radiometer Suite (VIIRS) Kd(490) product
(Wang et al., 2017). This NOAA CoastWatch/OceanWatch
program product, which estimates diffuse attenuation
coefficients at 490 nm wavelength, was produced for
approximately 4 � 4 km cells. To reduce potential vari-
ability in macroalgal cover due to differences in water
clarity, during initial screening the only sites considered
were those with January through March seasonal mean
diffuse attenuation coefficients <0.1 m�1 determined at
10 km spatial resolution. When the final sites were known
post-cruise, diffuse attenuation coefficients in 1 � 1 km
cells were calculated for January through March and,
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where observations at the sites were available, during
October through December. This approach resulted in
some January through March seasonal means exceeding
0.1 m�1 (Table S1).

The potential sites were selected to encompass a range
of sea ice conditions, which for initial site selection was
based on the annual mean sea ice concentrations from the
weekly National Ice Center Ice Charts from 2015 to 2018,
which ranged from 30%–40% to 90%–100% (post-cruise
analyses used 2014–2019 data from all sea ice datasets;
see below for more detail). Sites were also selected in areas
not directly adjacent to glacier faces based on analysis of
the Landsat images. High resolution approximate 1 m
satellite images from the Maxar constellation (Quickbird,
Geoeye, Worldview 1, 2 and 3) of the potential study sites
were obtained from the Polar Geospatial Center at the
University of Minnesota and guided site selection in the
field. Consequently, two potential sites were eliminated
because of their proximity to shoreline glaciers, as U.S.
Antarctic Program safety rules prohibit boating within
300 m of active glacier faces. From the remaining poten-
tial sites, 14 (Figure 1; Table S1) from throughout the
geographic range and spanning the complete range of
annual mean sea ice coverage were chosen for study
between April 23 and May 18, 2019, with site selection
also based on accessibility (current weather and sea ice
conditions) and ship logistical constraints. The sites were
designated north to south as A through N (Figure 1;
Table S1).

We traveled to the vicinity of each selected site aboard
the Antarctic Research and Support Vessel Laurence M.
Gould. Prior to survey dives, we used small Zodiac boats
to perform cursory benthic topography surveys using
a hull-mounted Garmin EcoMap plus 74SV depth sounder
or, if heavy brash ice was present, a handheld Vexilar LPS-1
depth sounder. Selection criteria were: 1) that the topog-
raphy did not include substantial vertical sections, as we
know from numerous research dives in the Anvers Island
area that macroalgae are often underrepresented and ses-
sile invertebrates are often overrepresented at depths of
approximately 30 m and greater on vertical walls when
compared to more gently sloping seafloors; 2) that depths
of at least 20 m and ideally 40 m were close enough to the
shore that a dive team could complete a video transect up
to 5 m depth in a single dive; and 3) that these habitat
characteristics spanned a great enough area for three rep-
licate transects spaced 100 m apart to be surveyed (Figure
2). We adjusted the exact location of the central vertical
transect from the location of the a priori target coordi-
nates (before beginning dives) to allow these criteria to be
met.

2.2. Video transects and collections of organisms

Video recordings at 4K resolution were made using Para-
lenz DCþ underwater cameras and two Light and Motion
Sola 3800 video lights attached to Backscatter Double
Handle GoPro and Compact Trays (Figure S1). Also
attached to each tray was a custom-built mount for two
Z-Bolt SCUBA-BL low temperature blue laser pointers. The
mounts were carefully machined and adjusted such that

the two laser beams were parallel, and that the dots repre-
sented 10 cm distance on the seafloor in recordings.

Video transects began at 40 m depth wherever bottom
topography allowed or at the depth where the bottom
topography flattened, making it impractical to reach
greater depths. The 40 m maximum depth limit was
imposed by the operational requirement that all scuba
dives be within no-decompression limits. One dive team
member swam ahead of the camera operator and laid out
a 5 m tape measure horizontally along the bottom at 5 m
depth intervals beginning (where possible) at the 35 m
isobath and ending at the 5 m isobath (Figure 2). The
camera operator ascended along the bottom between the
horizontal components and along each of the horizontal
components as illustrated in Figure 2. While the camera
operator swam along the horizontal components, the
other diver followed and collected one of each macroalgal
species they observed for later identification, placing them
in individual marked bags for each of the seven 5 m depth
intervals in each transect. This protocol was repeated by
three dive teams, one per each of three transects. Hand-
held GPS units (Garmin GPSMAP 78) were used to space
transects 100 m horizontally along the shore. Subse-
quently, an additional dive was made in the vicinity of the
middle transect collecting one or more of each macroalgal
species observed at any depth for later identification along
with invertebrates to be used (along with macroalgae) in
food web tracer studies, which will be published sepa-
rately. A fifth dive focused on non-quantitative collections
of smaller invertebrates associated with the substrate
using an airlift device (modified from Benson, 1989) for
the food web tracer studies. Some invertebrates collected
by hand and via airlift are included in presence-absence
data from sites if the taxon was also represented in the
video data; otherwise, they were not included in analyses
of the invertebrate assemblage. At one site (I on Figure 1)
a ship logistical issue prevented the third transect dive and

Figure 2. Design of the video transects. Analyses were
made of the overall transects, the horizontal transect
components separated by 5 m depths, and the vertical
transect intervals that were between the horizontal
components.
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subsequent collecting dives. At two sites (sites H and K on
Figure 1) camera malfunctions resulted in loss of one
video transect but not of other collections. At another site
(G on Figure 1) a video backup error resulted in loss of
part (5–12 m) of one transect, and a dive logistical issue
resulted in the loss of the 5 m horizontal component of
a second transect at that site.

Macroalgae collected from the transects and general
collections were identified to the lowest possible taxo-
nomic level (species with few exceptions) upon their
return to the research ship. At least one pressed voucher
specimen of each species at each site was prepared, and
some species were also dried in silica gel to enable subse-
quent molecular sequencing, if required. Upon return to
the United States, the voucher material was compared to
previously identified herbarium specimens and to each
other across sites to confirm identifications and ensure
consistency of identifications across the study sites.
Voucher material is maintained in and available from the
herbarium of C.D. Amsler at the University of Alabama at
Birmingham, where vouchers of species of macroinverte-
brates and mesoinvertebrates from the general and airlift
collections selected to be used in food web tracer studies
are also maintained.

2.3. Video analyses

Video stream processing of transects was accomplished
with VLC software (VideoLAN Organization) using the
video scene filter set at a recording ratio of 3 frames per
second. The resulting images were sized by default (�1
width, �1 height) and saved as jpg in files assigned
a unique filename prefix. The first sharp image from each
discrete 1 m depth interval of the vertical transect inter-
vals (Figure 2) was selected for analysis. For the horizontal
transect components (Figure 2), three to five non-
overlapping images were selected. Analyses of entire
transects combined the vertical intervals and horizontal
components.

The selected images were loaded into Coral Point
Count with Excel extensions (CPCe 4.1; National Coral
Reef Institute at Nova Southeastern University; Kohler and
Gill, 2006). Image scaling was calibrated based on the
distance (10 cm) between the paired laser points. A grid
of appropriate size was specified (<100 � 100 cm) within
which fifty points were randomly overlaid. Objects (biotic
and abiotic, e.g., sediment, bare rock) beneath each point
were identified to the lowest taxon or category possible
(Table S2) and assigned the appropriate data code. Follow-
ing requirements, major categories, sub-categories and
substrate categories were coded to project needs and
based on species noted in voucher collections. In total the
dataset included 107,000 random points from 2,140 indi-
vidual images.

Data were compiled using the automatic Excel spread-
sheet generation feature of CPCe (Kohler and Gill, 2006).
The output for an individual screen capture summed the
coded entries for each of the 50 randomly distributed
points. Multiple screen captures (up to 99) could similarly
be batch-processed, thus assembling an entire transect
into a single unique dataset with output, including total

points in transect and number of points for each species.
Post-processing included inserting columns with site, tran-
sect and depth identifiers for each individual screen cap-
ture to sort the data as desired for analyses.

To determine the overall relative percent cover of indi-
vidual organisms all points for a particular taxon, either
within site, transect, or depth depending on the specific
analysis, were summed and divided by the corresponding
total number of points. Similarly, algal points were
summed at group level to determine the percent cover
of fleshy green, red, and brown macroalgae. To estimate
the actual percent cover of macroinvertebrates for analy-
ses focused only on macroinvertebrates (i.e., not total
community analyses), the total number of brown over-
story macroalgal points was subtracted from the total
number of points before determining percent cover in
a site, transect, or depth. These data are referred herein
to as “without overstory.” Macroinvertebrate points with-
out overstory were summed at group level to determine
the overall percent cover of sponges, echinoderms, mol-
lusks, ascidians, and bryozoans as well as an “other” cate-
gory for all other macroinvertebrate taxa. Similarly, to
investigate percent cover of encrusting red macroalgal
forms (crustose corallines and uncalcified red algae includ-
ing Hildenbrandia sp. and possibly Gania mollis) only
points that were not on larger organisms were used,
excluding points that appeared to be on sediment. Percent
cover of bare (without macroorganisms) space was also
investigated using the same without overstory procedure
as in macroinvertebrate analysis with the substrate
recorded as either unambiguously bare rock or rock that
appeared to have overlying sediment.

2.4. Sea ice cover determinations

Estimates of sea ice concentrations were drawn from the
widely used daily Sea Ice Index (Fetterer et al., 2017),
weekly National Ice Center Charts, and passive microwave
sea ice concentrations from AMSR2 (Meier et al., 2018).
The Sea Ice Index products are derived from Near-Real-
Time DMSP SSMIS Daily Polar Gridded Sea Ice concentra-
tions and concentrations from Nimbus-7 SMMR and
DMSP SSM/I-SSMIS Passive Microwave instruments. The
Sea Ice Index record extends from November 1978 to
present and is available as daily raster-gridded files at 25
km resolution from the National Snow and Ice Data Cen-
ter. Passive Microwave-derived AMSR2 concentrations
from July 2, 2012, to present from the National Snow and
Ice Data Center at 12.5 km resolution (Meier et al., 2018)
were also used in the analysis. For AMSR2, daily sea ice
concentrations, derived using both the NASA Team 2
(NT2) and Bootstrap algorithms, were investigated.

The weekly National Ice Center charts are produced by
visual analysis of Synthetic Aperture Radar (SAR) and opti-
cal images (Dedrick et al., 2001; Fetterer, 2006). An auto-
mated procedure was used to rasterize the total ice
concentration (in tenths) from the original vector GIS
polygons (Esri Shapefiles) into raster grids at 1 km resolu-
tion in a WGS 1984 Stereographic South Pole Projection.
All available weekly hemispherical products from 2008 to
2019 were included in the processing, which was
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accomplished in Python using the Esri ArcPy package
(from ArcGIS Pro 2.X). From the gridded daily Sea Ice
Index or weekly National Ice Center charts, time series
from the nearest grid cell to each sampling site were
extracted. These point observations were then averaged
into annual or summer (October–February) means for 5-
year intervals ending April 1, 2019, which corresponds to
the beginning of our sampling period (Table S1). Conse-
quently, eight different ice cover datasets, both annual
and summer-only for each of the four satellite data pro-
ducts, were used for comparison to organismal precent
cover data because we had no a priori reason to believe
that any of the individual datasets would be best at pre-
dicting organismal patterns.

2.5. Statistical analyses

Univariate statistical analyses were performed using SPSS
v. 28 (IBM SPSS Statistics). For comparisons between sites,
percent cover data were initially transformed by arcsin
(square-root) as recommended by Zar (1984). If the
arcsin-transformed data did not meet the assumptions
of parametric statistics in either the Shapiro-Wilk or
Levine’s tests, the original percent cover data were trans-
formed by ranks using SPSS and reexamined. Data trans-
formed with either arcsin or ranks that met parametric
test assumptions were analyzed using the General Linear
Models (GLM) procedure with post hoc comparisons,
when indicated, using the Tukey HSD test. Data that could
not be transformed to satisfy the assumptions of paramet-
ric statistics were analyzed with the nonparametric
Kruskal-Wallis H test. Post hoc comparisons, when indi-
cated, were performed using pairwise Mann-Whitney U
tests for categories that had at least three replicates as the
test cannot distinguish significant differences for sample
sizes less than three. Our conclusions are based on test
results that were not corrected for type I error (Moran,
2003; Nakagawa, 2004). However, type I error corrections
with the Sequential Dunn-Sidak Method (Sokal and Rohlf,
1995) were performed and are also reported where such
pairwise comparisons were needed.

Overall assemblage data based on percent cover were
expressed as species richness (total number of species; S)
and Shannon diversity index (H0 ¼ �Si pi loge (pi); pi is the
proportion of the total count). Bivariate Pearson (r) corre-
lations comparing percent cover of organism groups with
the individual sea ice datasets, comparing percent covers
of different organism groups, and comparing both fleshy
macroalgal cover and sea ice cover with both Shannon
diversity and species richness, were examined using SPSS.
Pearson correlation analyses were also performed with log
(x þ 1)-transformed percent cover data for organismal
groups. For the highest Pearson correlations, linear regres-
sion was performed using Excel (Microsoft Corporation)
and confirmed using SPSS. Nonparametric Spearman’s
(r) correlations were also performed and are presented
for comparison in Tables S10, S11, S13, and S14.

Nonparametric, multivariate analyses using PRIMER-e
v. 7 (Quest Research Limited) were performed to compare
macroalgal and overall species assemblages across sample
sites with specific statistical methodology following

recommendations of Clarke et al. (2014). Because percent
cover varied by several orders of magnitude across sam-
ples, these data were square-root-transformed to down-
weight the influence of the most abundant species.
Presence-absence of fleshy (i.e., not encrusting) macroalgal
species across sites based on diver collections were also
compared. Differences among sites were analyzed using
PERMANOVA with site as a fixed factor and transects
being a random factor nested within site, based on Bray-
Curtis similarity matrices. For the fleshy macroalgal data-
set, a dummy variable of 0.1 was added to avoid undefined
resemblances at site K where no fleshy macroalgae
occurred. To visually compare similarity among sites in
both percent cover and presence-absence datasets, non-
metric multidimensional scaling (nMDS) ordination plots
were created based on the resemblance matrix. The nMDS
ordinations of fleshy macroalgal assemblages alone
included 0.05 metric proportions to fix collapses as
recommended by Clarke et al. (2014). Statistical differ-
ences among sites were determined using CLUSTER anal-
ysis with similarity profile (SIMPROF) tests (a ¼ 0.05). To
compare similarity among individual transects within and
across sites, CLUSTER analysis and SIMPROF tests were
performed. To determine which taxa made the greatest
contribution to some of the observed patterns, we used
species contributions to sample (dis)similarities
(SIMPER) tests.

2.6. Hindcasting and forecasting macroalgal cover

from sea ice records and predictions

Historical summer Sea Ice Index data for sliding 5-year
intervals from 1979 to 2019 were used for hindcasting
macroalgal percent covers at each site. The linear regres-
sion equation with transects averaged at each site (see
Results) was used. The differences between the 2019
macroalgal cover at each site and the regression line were
calculated and used to adjust the hindcasted predictions
to maintain the same relative difference to the regression
line as observed in 2019. Similarly, forecasts of future
macroalgal covers at sea ice cover levels that were 15%,
30%, and 50% lower than current levels were calculated
using the summer Sea Ice Index regression with untrans-
formed macroalgal cover, the National Ice Center data
regression with log-transformed macroalgal cover (see
Results), and the annual AMSR2 NASA Team 2 regression
with untransformed macroalgal cover (see Results).
Because the maximum overall site macroalgal percent
cover data in 2019 did not exceed 80% (see Results), this
value was used as an upper limit of possible future macro-
algal cover levels.

3. Results
3.1. Macroalgal distribution and cover

A total of 36 species of fleshy macroalgae were identified,
with 35 of them from the by-hand collections (Table 1).
The additional species was Ascoseira mirabilis for which
one individual was identified with confidence in a video
recording from site B. Although Lambia antarctica, the
only subtidal green alga present in the survey, was not
present in the diver collections at sites C, G, or H, a few

Amsler et al: Correlations of sea ice cover with macroalgal cover and community diversity Art. 11(1) page 7 of 34
D

ow
nloaded from

 http://online.ucpress.edu/elem
enta/article-pdf/11/1/00020/783085/elem

enta.2023.00020.pdf by U
niversity of Alabam

a at Birm
ingham

 user on 22 August 2023



Table 1. Species list of macroalgae from by-hand collections

Sites

Total
Sites

Species A B C D E F G H I J K L M N

Total Species: 23 26 17 20 16 20 22 14 7 18 0 4 4 2

Phaeophyceae

Desmarestia menziesii þ þ þ þ þ þ þ þ þ þ � þ þ þ 13

Himantothallus grandifolius þ þ þ þ þ þ � þ þ þ � � � � 9

Desmarestia antarctica þ þ þ þ � þ � � � þ � � � � 6

Cystosphaera jacquinotii þ þ þ þ � � � � � � � � � � 4

Desmarestia anceps þ þ � � � � þ � � � � � � � 3

Adenocystis utricularis � � � � � þ � � � � � � þ � 2

Ascoseira mirabilis � (þ)a � � � � � � � � � � � � 1

Microzonia australeb � þ � � � � � � � � � � � � 1

Rhodophyceae

Iridaea cordatab þ þ þ þ þ þ þ þ þ þ � � þ � 11

Callophyllis atrosanguinea � þ � þ � þ þ þ þ þ � þ þ � 9

Myriogramme mangini þ þ þ þ þ þ þ þ � þ � � � � 9

Pantoneura plocamioides þ þ þ þ þ þ þ þ � þ � � � � 9

Picconiella plumosa þ þ þ þ þ þ þ þ � þ � � � � 9

Plocamium sp.b þ þ þ þ þ þ þ þ � þ � � � � 9

Georgiella confluens þ þ þ þ � þ þ þ � þ � � � � 8

Myriogramme smithii þ þ þ þ þ þ þ � � þ � � � � 8

Sarcopeltis antarcticab þ þ þ þ þ þ þ � � þ � � � � 8

Trematocarpus antarcticus þ þ þ þ � þ þ þ þ � � � � � 8

Hymenocladiopsis sp. or spp.b � þ � þ þ � þ þ � þ � þ � � 7

Paraglossum salicifoliumb þ þ � þ � þ þ þ � þ � � � � 7

Palmaria decipiens þ � þ þ þ � � � þ þ � � � � 6

Curdiea racovitzae þ þ þ þ þ � � � � � � � � � 5

Gymnogongrus antarcticus þ þ þ � � � þ � � � � � � � 4

Phycodrys austrogeorgica � þ � � þ þ þ � � � � � � � 4

Porphyra plocamiestris � � � þ � þ þ � � þ � � � � 4

Undescribed Kallymeniaceae sp.b þ � � � þ � þ þ � � � � � � 4

Austropugetia crassa þ þ � � � þ � � � � � � � � 3

Gymnogongrus turquetii � � � � þ � þ � � þ � � � � 3

Phyllophora antarctica � � � � þ � � � � � � þ � þ 3

Meridionella antarcticab þ þ � � � � � � � � � � � � 2

Leniea lubrica?b � � � � � � þ � þ � � � � � 2

Pachymenia orbicularisb � þ � � � þ � � � � � � � � 2

Ballia callitricha þ � � � � � � � � � � � � � 1

Delisea pulchrab � � � � � þ � � � � � � � � 1

Paraglossum amslerib � � � � � � � � � þ � � � � 1

unidentifiable red blade(s) þ þ � þ � � þ � � � � � � � 4

Ulvophyceae

Lambia antarctica þ þ (þ) � � þ (þ) (þ) � þ � � � � 7

a(þ) indicates that the observation is from the video recordings, not by-hand collection.
bSee Appendix S2 for notes on macroalgal nomenclature.
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individuals of it were identified with confidence in videos
at these sites. The most widespread species was Desmar-
estia menziesii, which was collected at all sites except for
site K, at which no fleshy macroalgae were observed. Iri-
daea cordata was collected from 11 of the 14 sites, and 12
additional species were collected at eight or more of the
14 sites (Table 1).

Composition of fleshy macroalgal cover differed across
sites (PERMANOVA, pseudo-F13,25 ¼ 8.646, p(perm) ¼
0.001). A CLUSTER analysis of Bray-Curtis similarities
based on the presence of species at each site from diver
collections with SIMPROF test revealed three groups of
sites that were apparent in an nMDS plot of the similari-
ties (Figure 3a). Sites A through H and J, which contained
between 14 and 26 species (Table 1) with an average
similarity of 70.4% in SIMPER analysis, clustered tightly
together in a single SIMPROF group, while sites I, L, M,
and N, which contained two to seven species (Table 1)
and an average similarity of 43.9%, formed another sig-
nificant but less tight cluster (Figure 3a). These two SIM-
PROF groups had an average dissimilarity of 76.4% in
a SIMPER analysis. Site K separated with 100% dissimilar-
ity to the other two groups as it contained no fleshy
macroalgae. The same overall pattern and SIMPROF group-
ings were also observed when the percent cover data from

video analyses for fleshy macroalgae alone were analyzed
in the same manner (Figure 3b), although the average
dissimilarity in SIMPER analysis was greater with 87.2%
and the two groups had slightly lower average similarities
of 52.4% and 37.4%, respectively. In addition, the species
responsible for the dissimilarities were somewhat differ-
ent between the two datasets. In the diver-collected
presence-absence data, 17 species were cumulatively
responsible for over 70% of the dissimilarity with none
individually responsible for more than 5.65% (Table S3).
In contrast, in the SIMPER analysis of video-based percent
cover data, Himantothallus grandifolius and Plocamium sp.
accounted for over 34% of the dissimilarity with only five
additional species cumulatively responsible for over 70%
of the dissimilarity (Table S4). CLUSTER analysis with SIM-
PROF test of fleshy macroalgal cover in individual trans-
ects revealed that transects within each site usually, but
not always, clustered closest together (Figure 4a). When
transects from a site did not cluster together, they were
still with transects from sites that were in the same SIM-
PROF group for sites overall (Figure 3). An exception was
the transects at site K, which had no fleshy macroalgae
and which grouped with transects from site N also with no
or almost no fleshy macroalgae.

Fleshy macroalgal cover ranged from 0% to approxi-
mately 80% across sites and transects (Figure 5; Table S5).
These differences across sites were statistically significant
(F13,25 ¼ 37.672, p < 0.001), although in post hoc analyses
no site was significantly different from all others (Figure
5). Brown macroalgae tended to be relatively more abun-
dant in transects with higher overall cover except at sites
C, D, and H (Figure 5). Although seven sites had the green
macroalga Lambia antarctica present, it was present at
>0.5% cover overall only in the three transects at site B
(Figure 5). At most sites, the depth distribution of the
algae was similar for both the horizontal transect compo-
nents (Figure 6) and vertical transect intervals (Figure S2).
The only site where significant differences among depths
were observed in the horizontal components was site B,
where the 30 m and 35 m transects had lower cover than
the 10 m and 15 m transects (Figure 6). However, sites G,
J, and L had nearly significant differences among depths
(0.05 < p < 0.09; Figure 6).

Crustose coralline red algae (otherwise unidentified
but likely several different species) were observed in video
transects at all sites, and non-calcified crustose red macro-
algae (Hildenbrandia sp. and, possibly, Gania mollis) were
observed at all sites except for site K (Figure 7). As noted
previously, percent cover of encrusting red algae was only
calculated using random points that did not have larger,
non-encrusting organisms present and that were on hard
substrate. Their combined cover in individual transects
ranged from <20% to >95% across sites (Figure 7), and
the overall site means ranged from approximately 25% to
90% (Table S6). Although there were significant differ-
ences in total encrusting red algal cover across sites
(F13,25 ¼ 7.828, p < 0.001), there were no clear spatial
patterns in these significant differences across the sites
(Figure 7).

Figure 3. Non-metric multidimensional scaling plots
of macroalgal community similarity. These plots are
based on: (a) macroalgal presence-absence from diver
collections; and (b) macroalgal percent cover from
video analyses. Letters indicate study sites (Figure 1;
Table S1); green lines separate statistically different
site groupings by SIMPROF tests (p � 0.05).
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3.2. Macroinvertebrate distribution and cover

A total of 19 discrete species of macroinvertebrates, plus
two species pairs that each could only be assigned to
genus, could be confidently identified in the video record-
ings (Tables 2 and S2). Ten additional taxa (Table 2) were
counted, but individuals within them could not be confi-
dently identified to species in the videos. The sea star
Odontaster validus and limpet Nacella concinna were pres-
ent at all sites (Table 2). Sponges were also present at all
sites, but the only individual species that could be consis-
tently identified with confidence in the videos was Den-
drilla antarctica at five of the sites (Table 2). Table 2 also
includes records of 17 invertebrate taxa that were col-
lected at a site by divers for food web analyses (to be
published separately) but were not identified under a ran-
dom dot in the video analysis of that site. These taxa were
specifically targeted in the general collections, and some
such as Margarella antarctica, which was included as
“other molluscs” in Table 2, were mesoinvertebrates too
small to be readily identified in the videos. Holothuroids

and polychaetes were also taxa that were primarily asso-
ciated with cracks in the rocks and/or with macroalgal
holdfasts and would not have been easily visible in the
videos. They were primarily recovered with airlift
sampling.

As noted previously, calculations of macroinvertebrate
percent cover excluded points with overstory algae. There
was a significant difference in macroinvertebrate compo-
sition among sites (PERMANOVA, pseudo-F13,25 ¼ 6.322,
p(perm) ¼ 0.001). A CLUSTER analysis of Bray-Curtis sim-
ilarities of the percent cover of invertebrate species at each
site with SIMPROF test revealed two groups of sites that
were apparent in an nMDS plot of the similarities (Figure
8). Sites C and F, which were two of the three sites with
the fewest macroinvertebrate species in video analyses
(Table 2), clustered separately from the rest with average
similarity of 49.8% in SIMPER analysis. The remaining
sites had an average similarity of 52.9%, and the two
groups had an average dissimilarity of 59.9%. The species
contributing the most to both within-group similarities

Figure 4. CLUSTER analyses with SIMPROF tests by individual transect. (a) Fleshy macroalgae only; (b)
macroinvertebrates without overstory brown macroalgae; and (c) total community. Red dotted lines indicate
clusters that are not significantly different (p > 0.05).
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and between-group dissimilarities are presented in Table
S6. CLUSTER analysis with SIMPROF test of macroinverte-
brate cover in individual transects revealed that transects
within each site only clustered closest together at sites D,
E, L, and M but usually clustered within the same SIM-
PROF group, with the exceptions being sites C, F, G, I, and
N (Figure 4b). Although sites C and F were in a separate
SIMPROF group from all other sites overall (Figure 8), in
each case two of the three individual transects were in the
same SIMPROF group with all three individual transects
from sites A, B, and D and one or two transects from sites
E and G (Figure 4b).

Macroinvertebrate cover (from parts of imagery with-
out overstory) differed significantly (H13 ¼ 27.104, p ¼
0.012) across sites (Figure 9). Overall mean cover varied
widely across sites from 1.2% ± 0.3% (mean ± S.E., n ¼ 3)
at site C to 24.2% ± 0.9% (n ¼ 3) at site L (Table S5).
Nonparametric, pairwise comparisons of sites with three
transects revealed significant differences (though not with
type I error correction), but although the higher percent
covers tended to be to the south, no clear trends in overall
percent covers were apparent (Figure 9). The most com-
mon overall invertebrate groups were sponges, echino-
derms, mollusks, ascidians, and bryozoans (Figure 9).
The percent cover of all groups differed significantly
among sites (echinoderms H13 ¼ 30.813, p ¼ 0.004; mol-
lusks H13 ¼ 31.714, p ¼ 0.003; ascidians H13 ¼ 25.859, p
¼ 0.018; bryozoans H13 ¼ 24.141, p ¼ 0.030) with only
the cover of sponges transformable to meet parametric
statistical assumptions (F13,25 ¼ 2.337, p ¼ 0.033). In post
hoc comparisons of percent covers of individual inverte-
brate groups, although significant differences were found

among sites (although not with type I error correction for
the pairwise, nonparametric comparisons), there were few
clear patterns other than those mirroring the overall cov-
ers at each site (Figure 9; Table S7). The exception was
a pattern of higher cover of echinoderms at the more
southerly sites (Table S7). Examination of the raw data
revealed that much of this pattern was because of the
regular sea urchin Sterechinus neumayeri, which had no
or little cover in the northern sites but contributed a quar-
ter to nearly half of the total invertebrate cover at sites K
through N (Figure S3).

At most sites, there were no significant differences in
invertebrate cover among depths in the horizontal tran-
sect components (Figure 10) or vertical transect intervals
(Figure S4), although there were often trends for higher
cover at deeper depths. This trend was significant for both
horizontal components and vertical intervals at site L (Fig-
ure 10; Figure S4), with the same weaker but significant
pattern in the horizontal components at site D (Figure
10). There were also significant differences across depths
in the vertical intervals at site A, but the only two depths
intervals that differed in post hoc comparisons were 16–
19 m being higher than 21–24 m (Figure S4).

3.3. Bare space distribution

All sites were dominated by hard substrate, most com-
monly bedrock. In the video analyses, as noted previously,
space unoccupied by organisms was scored either as
unambiguous bare rock or as rock that appeared to have
overlying sediment. However, because determining
whether or not sediment was present was often very dif-
ficult at the 4K resolution of the video images, the

Figure 5. Percent cover of fleshy macroalgae for individual transects at each site. Overall differences across sites
were detected in a General Linear Models test (see text), with post hoc analysis results indicated by lower case letters
above depth clusters. Sites with the same letter are not significantly different (p > 0.05).
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distinction between bare rock and rock with sediment
should be viewed with caution. Combined bare space dif-
fered significantly among sites (F13,25 ¼ 9.562, p < 0.001).
Although sites with more bare space tended to be more
common to the south, overall there was no clear pattern
to bare space across sites (Table S5; Figure S5). There was
significant variation among sites in the ratio of unambig-
uous bare rock to rock apparently with sediment (H13 ¼
29.121, p ¼ 0.006). Nonparametric, pairwise comparisons
of sites with three transects revealed that site G had a sig-
nificantly lower ratio than all other sites (though not with

type I error correction), but there was no overall pattern
with latitude across the remaining sites (Figure S5).

3.4. Overall community distribution

The overall community including macroalgae and inverte-
brates differed significantly among sites (PERMANOVA,
pseudo-F13,25 ¼ 14.332, p(perm) ¼ 0.001). A CLUSTER
analysis of the total community (fleshy macroalgae,
encrusting red macroalgae, and macroinvertebrates; orig-
inal data with all analysis points for each) with SIMPROF
test revealed three groups of sites that were apparent on

Figure 6. Fleshy macroalgal percent cover in horizontal transect components for individual transects at each
site. Blue x letters indicate depths not sampled or data missing (see Methods section). For sites with low overall cover,
insets are included with smaller cover scales. Significance levels (p) indicate the results of General Linear Model
(parametric) or Kruskal-Wallis (nonparametric) tests. The test statistics by site were: A, F6,14 ¼ 2.221; B, F6,14 ¼ 11.558;
C, F5,12¼ 1.264; D, F6,14¼ 2.206; E, F4,10¼ 0.885; F, F3,7¼ 0.882; G, H6¼ 11.698; H, H6¼ 8.189; I, H5¼ 1.913; J, F6,14
¼ 2.768; L, H6 ¼ 11.209; M, H5 ¼ 6.347; N, H4 ¼7.222.Where significant differences were detected, post hoc analysis
results are indicated by lower case letters above depth clusters (site B). Depths with the same letter are not
significantly different (p > 0.05).

Art. 11(1) page 12 of 34 Amsler et al: Correlations of sea ice cover with macroalgal cover and community diversity
D

ow
nloaded from

 http://online.ucpress.edu/elem
enta/article-pdf/11/1/00020/783085/elem

enta.2023.00020.pdf by U
niversity of Alabam

a at Birm
ingham

 user on 22 August 2023



an nMDS plot of the similarities (Figure 11). Sites A, B, C,
D and F clustered together with 64.1% average similarity
in SIMPER analysis; sites E, G, H, and J clustered together
with 65.1% average similarity; and sites I, K, L, and M
clustered together with 61.5% average similarity. The aver-
age dissimilarity between the ABCDF group and IKLM
group was 73.4%. The EGHJ group had average dissimila-
rities of 49.6% with both of the other groups. Taxa pri-
marily responsible for the similarities and dissimilarities
are listed in Table S8. When the analysis was repeated
without including points with the overstory brown macro-
algae (but including red and smaller brown macroalgae),
site F grouped with the EGHJ group instead of sites A
through D (Figure S6). CLUSTER analysis with SIMPROF
test of total community cover in individual transects
revealed that transects at all sites clustered together (Fig-
ure 4c). Sites G and M each had one transect that differed
significantly from the other two, and all transects at all
sites were significantly different from all other sites except
for sites I and N, which clustered within the same SIM-
PROF group (Figure 4c). When the analysis was repeated
without points with the overstory brown macroalgae,
transects clustered together in separate SIMPROF groups,
except that one transect from site G clustered with the
two transects at site I (Figure S7).

3.5. Correlations between organismal cover, species

diversity, species richness, and sea ice cover

The eight sea ice cover metrics used for each site, averaged
over the period 2014–2019, are listed in Table S9. The
rationale for using 5-year averages and relative attributes
of the sea ice metrics are discussed in Appendix S3. Fleshy

macroalgal cover was strongly, negatively correlated with
all eight sea ice cover metrics (Table S10). Overall, the
highest negative correlations were of log (x þ 1)-trans-
formed fleshy macroalgal cover (range r ¼ �0.821 to
�0.891), with the strongest correlation to the annual
National Ice Center dataset (Figure 12a). The ranges of
correlations were slightly lower for correlations to the
untransformed cover data (range r ¼ �0.791 to
�0.880). The strongest untransformed correlations (r ¼
�0.880) were with the summer SII and annual AMSR2
NASA Team 2 datasets (Figure 12b and c). For simplicity
of comparisons, all figures for correlations of the various
biological metrics with sea ice concentration have been
plotted against one of these three datasets—whichever
had the stronger correlation—even though other sea ice
datasets may have had stronger correlations as shown in
the supplementary tables. Encrusting red macroalgal per-
cent cover did not correlate significantly with any of the
eight sea ice datasets (Table S10; Figure S8a). There were
also no significant correlations between macroinverte-
brate percent cover and any of the eight sea ice datasets
(Table S11; Figure S8b). The highest correlation was
between log-transformed macroinvertebrate cover and the
annual SII dataset (r ¼ 0.454, p ¼ 0.103).

Neither encrusting red algal percent cover nor macro-
invertebrate cover correlated significantly with fleshy
macroalgal cover (Table S12; Figure S9). The correlation
between the log of macroinvertebrate cover and untrans-
formed macroalgal cover was close to the level of statisti-
cal significance (r ¼ �0.489, p ¼ 0.076; Table S12).

Shannon diversity of macroinvertebrates (by percent
cover without overstory) was significantly, positively

Figure 7. Percent cover of encrusting red macroalgae. Data from hard substrate without overlying organisms by
transect at each site. Overall differences across sites were detected in a General Linear Models test (see text), with post
hoc analysis results indicated by lower case letters above depth clusters. Sites with the same letter are not significantly
different (p > 0.05).
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Table 2. Taxa of macroinvertebrates identified in video analysis of the transects

Sites

Total
Sites

Taxa A B C D E F G H I J K L M N

Total Taxa: 11 10 9 13 9 7 14 15 12 13 15 18 13 12

Porifera

Dendrilla antarctica (þ)a (þ) (þ) (þ) þ (þ) (þ) þ � þ � þ (þ) þ 5

Other sponges þ þ þ þ þ þ þ þ þ þ þ þ þ þ 14

Cnidaria

Hydroid � � � þ þ � þ þ þ þ þ þ þ þ 10

Alcyonarid (þ) (þ) � (þ) � � (þ) � � (þ) � (þ) þ þ 2

Anemone þ � � þ þ (þ) (þ) (þ) � � þ þ þ � 6

Nemertea

Parborlasia corrugatus � � � � � � � þ � � � � � þ 2

Mollusca

Adamussium colbecki � � � � � � � � � � (þ) � � þ 1

Austrodoris kerguelenensis (þ) � � (þ) (þ) (þ) þ � (þ) (þ) � � � � 1

Marseniopsis mollis � � � � � � � � � þ (þ) (þ) (þ) � 1

Nacella concinna þ þ þ þ þ þ þ þ þ þ þ þ þ þ 14

Tritoniella belli � � � � � � (þ) � � � � þ � � 1

Other mollusks þ (þ) (þ) þ (þ) þ � � (þ) (þ) � þ þ � 5

Echinodermata

Acodontaster sp. � � � � � � þ þ þ � þ þ � � 5

Cuenotaster involutus � � � � � � þ � þ � (þ) � (þ) � 2

Diplasterias spp. þ þ þ þ (þ) þ þ þ þ (þ) þ þ (þ) � 10

Granaster nutrix � � � þ � � � � � þ � � � � 2

Labidiaster annulatus � þ þ þ � � (þ) � (þ) � þ (þ) � � 4

Neosmilaster georgianus þ þ (þ) þ (þ) (þ) (þ) þ (þ) þ þ � (þ) � 6

Odontaster meridionalis � � þ � � þ � þ � � � � � � 3

Odontaster validus þ þ þ þ þ þ þ þ þ þ þ þ þ þ 14

Perknaster spp. þ (þ) (þ) þ (þ) (þ) � � � þ (þ) (þ) (þ) � 3

Macroptychaster accrescens þ � � � � � � � � � � þ � � 2

Ophionotus victoriae � � � � � � þ � þ � þ þ þ þ 6

Promachocrinus kerguelensis � � � � � � þ � þ � þ þ � � 4

Sterechinus neumayeri (þ) þ � � (þ) (þ) þ þ þ þ þ þ þ þ 9

Holothuroid (þ) � � (þ) � � � � � � � þ þ (þ) 2

Ascidia

Cnemidocarpa sp. (þ) þ þ þ þ (þ) (þ) þ þ þ þ þ þ þ 11

Other ascidians þ � þ � þ � þ þ � þ þ þ þ þ 10

Other groups

Bryozoan þ þ þ þ þ þ þ þ þ þ þ þ þ � 13

Brachiopods � � � � � � (þ) þ � � � � � � 1

Polychaetes � � (þ) (þ) (þ) (þ) þ (þ) (þ) (þ) (þ) (þ) (þ) (þ) 1

a (þ) indicates that these taxa were present in general or airlift collections at the site, even though not identifiable under a random
point in the video analyses. The sums for Total Taxa and Total Sites are based only on video analysis.
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correlated with seven of the eight sea ice cover metrics
and nearly so (p ¼ 0.053) in the other (Figure 13a; Table
S13). Species richness of macroinvertebrates was not sig-
nificantly correlated with any sea ice metric (Figure 13b;
Table S13). Shannon diversity of the overall community
(by percent cover) was significantly, negatively correlated
with all eight sea ice cover metrics (Figure 13c; Table
S13). Species richness of the overall community was also
significantly, negatively correlated with all eight sea ice
metrics (Figure 13d; Table S13). Shannon diversity of
macroinvertebrates was significantly, negatively correlated
to both untransformed and log (x þ 1)-transformed fleshy
macroalgal cover (Table 3; Figure 14a). Macroinverte-
brate species richness was significantly, negatively

correlated with untransformed fleshy macroalgal cover
(Table 3; Figure 14b) but not significantly correlated in
a test with log-transformed fleshy macroalgal cover data
(Table 3). Overall community Shannon diversity corre-
lated positively with fleshy macroalgal cover for both
untransformed and log-transformed data (Table 3; Figure
14c). Overall community species richness was signifi-
cantly, positively correlated with the log of macroalgal
cover (Table 3; Figure 14d) but did not meet the level
of significance in a test with untransformed macroalgal
cover (p ¼ 0.073; Table 3).

3.6. Extrapolations to historic sea ice data and to

future sea ice predictions

The portion of the Sea Ice Index dataset used in this
analysis began in January 1979, decades before either the
National Ice Center or AMSR2 datasets. The mean summer
sea ice concentration has fluctuated markedly since then
at all study sites (Figure S10). Sliding 5-year means at each
site reveal that 2019 and the three preceding years had
mean annual sea ice concentration 5-year ice histories
slightly higher than or in some cases, similar to, much
of the satellite record (Figure S11). However, at all sites
there were two very low ice cover 5-year periods, ending in
1993 and 2011 (Figure S11). At all sites, the highest slid-
ing 5-year mean ice concentration was the earliest one in
the record, ending in 1984, and at most sites the subse-
quent 1 or 2 years were also higher than any other in the
satellite record. Extrapolating from the 2014 to 2019 sum-
mer SII linear regression with fleshy macroalgal cover in
2019 (Figure 12b) indicated that macroalgal cover at all
sites could have been fluctuating substantially over the
past 40 years (Figure 15). At the seven highest sea ice
cover sites, the simple calculations would predict an

Figure 8. Non-metric multidimensional scaling plot
of similarities by site for macroinvertebrates
(without overstory). Green lines separate statistically
different site groupings by SIMPROF tests (p � 0.05).

Figure 9. Percent cover of macroinvertebrates by major taxonomic group by transect at each site. Data are only
from areas without overstory. Overall differences across sites were detected in a Kruskal-Wallis test (see text), with post
hoc analysis results indicated by lower case letters above depth clusters. Sites with the same letter are not significantly
different (p > 0.05). Some sites (H, I, K) were not included (ni) in the post hoc analyses because they had fewer than
three transects.
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absence of macroalgae in 1984 (negative predicted cover),
with brief earlier periods of no cover for the two sites, K
and N, with the lowest macroalgal cover in 2019 (Figure
15). The highest fleshy macroalgal cover observed in
2019—and, therefore, used in the regression analysis—was
approximately 80%, so that projections above that level
(purple dashed line on Figure 15) should be viewed with
caution. We have also displayed the data as percent
changes from 2019 cover levels but included only sites
A through H and J, which in 2019 were not significantly
different in terms of their macroalgal community compo-
sition (Figure 3). Based on this extrapolation, there would

have been relatively little change at the lowest ice cover/
highest macroalgal cover sites (A through D) compared to
the 2019 cover over the period of the SII record, with
greater fluctuations at sites E, F, and H (Figure S12). How-
ever, the extrapolations predict possible 4-fold to 8-fold
fluctuations at sites G and J (Figure S12), which had the
lowest 2019 fleshy macroalgal cover (Figure 5) in this
group of sites with similar communities.

Extrapolations of macroalgal cover under future sea ice
conditions with 15%, 30%, and 50% lower ice cover than
present (Table 4) were performed with the three best
overall macroalgal to sea ice cover correlations (Figure 12;

Figure 10. Macroinvertebrate percent cover in horizontal transect components for individual transects at
each site. Data are only from areas without overstory. Blue x letters indicate depths not sampled or data missing (see
Methods section). Note the different vertical scales in the individual plots. Significance levels (p) indicate the results of
General Linear Model (parametric) or Kruskal-Wallis (nonparametric) tests. The test statistics by site were: A, F6,14 ¼
0.925; B, H6 ¼ 3.938; C, H5¼ 3.771; D, F6,14 ¼ 4.214; E, F4,10 ¼ 1.261; F, F3,7 ¼ 1.142; G, F6,11¼ 1.278; H, H6 ¼ 7.657;
I, H5 ¼ 2.231; J, F6,14 ¼ 2.129; K, H5 ¼ 3.745; L, F6,13 ¼ 8.264; M, H5 ¼ 7.195; N, F4,8 ¼ 1.676. Where significant
differences were detected, post hoc analysis results are indicated by lower case letters above depth clusters. Depths
with the same letter are not significantly different (p > 0.05).
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Table S9). These correlations were also the best for sea ice
concentrations derived from the three underlying raw
datasets (National Ice Center, Sea Ice Index, and Advanced
Microwave Scanning Radiometer 2; Table S9). The projec-
tions using the Sea Ice Index and AMSR2 NASA Team 2
regression equations were similar, with dramatic increases
in macroalgal cover predicted at sites with lower 2019
macroalgal cover levels but smaller increases predicted for
sites with the highest 2019 cover levels (Table 4). The
National Ice Center regression projections, which were
based on the log of 2019 macroalgal cover, were higher,
often substantially higher, than the other two projections
for all but the lower ice cover sites for 15% and some 30%
reduced future ice levels and at all but the two lowest
2019 cover sites (K, N) at a 50% reduced ice level.

4. Discussion
4.1. Patterns across study sites

A somewhat unexpected outcome of our nonparametric,
multivariate analyses of Bray-Curtis similarities was the
clustering of macroalgal assemblages across the northern
half of the study area for all but the site with the highest
sea ice concentrations (site I). Furthermore, this pattern
was evident using either macroalgal species presence-
absence data from by-hand collections or macroalgal per-
cent cover by species data from video analyses. By other
metrics such as species richness and sea ice cover, the sites
varied greatly. However, all of these northern sites con-
tained the two most widespread macroalgal species, the
overstory brown alga Desmarestia menziesii and shallow-
water red alga Iridaea cordata. Most or all of these sites
also contained Himantothallus grandifolius, the next most
widespread brown alga, and most of the other more wide-
spread red macroalgae.

As expected, fleshy macroalgal percent cover varied
greatly across the study area, with much higher cover in
the less ice-covered areas. Amsler et al. (1990, 1995)
reported that 85% of the benthos was covered by fleshy
macroalgae at five sites near Palmer Station (Figure 1) in
proximity to present sites B and C, which was slightly

higher than observed for overall transects at any of our
northern sites. Data from collections in 1989, however,
were heavily biased to shallow depths. Two of the 1989
sites were only sampled at depths of 2 m and 5 m, with
one additional site each being sampled only to 10 m, 15
m, and 20 m (Amsler et al., 1995). In the present study, site
B had percent covers above 80% in this depth range which
were significantly higher than deeper depths. The only
other report of macroalgal percent cover in our study area

Figure 11. Non-metric multidimensional scaling plot
of similarities by site for the overall community by
percent cover. Green lines separate statistically
different site groupings by SIMPROF tests (p � 0.05).

Figure 12. Fleshy macroalgal cover versus three sea
ice cover datasets. (a) National Ice Center annual (12-
month) ice concentrations; (b) Sea Ice Index summer
(October through February) ice concentrations; and (c)
AMSR2 NASA Team 2 annual (12-month) sea ice
concentrations. Blue points and letters indicate the 14
study sites (Figure 1; Table S1); black lines indicate
linear regressions.
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that we are aware of is that of Bowden (2005) who
reported on percent cover of benthic flora and fauna at
two depths (8 m and 20 m) from three sites near Rothera
Station on Adelaide Island (Figure 1). Measures of fleshy
macroalgal cover were not presented explicitly but quali-
tatively reported to be below 2% across sites and depths.
Overall macroalgal cover at site L, our site closest to
Rothera, was 6.2%. Although the Rothera area and site L
are geographically close and similar in sea ice cover, the
Rothera sites are in areas that have higher turbidity, at
least in January–March (0.104 m�1 at site L, 0.130 m�1

at Rothera determined as described above), which may
account for much of the difference.

Because of the limitations of our video methodology,
the absolute levels of encrusting macroalgal cover we have
reported should be viewed with caution, and therefore we
did not analyze these data further by depth. As described
in the methods, any random analysis point with a fleshy
macroalga or a macroinvertebrate was excluded from con-
sideration, as was any point that appeared to possibly be
on rock covered with sediment, potentially obscuring
encrusting organisms below. Nonetheless, we have

reported these data because we believe that the relative
levels of encrusting macroalgae across sites should be rea-
sonably comparable even though the sites with lower
macroalgal cover had more random points available for
these analyses. Also, we have included these data because
there are very few reports on encrusting algal cover on the
WAP. Amsler et al. (1995) reported crustose algal cover
from five sites near Palmer Station with the data collected
from photographs of quadrats from which all non-
encrusting organisms had been removed. Mean percent
cover was 77% with little variation across the 2–20 m
depth range sampled. At three sites near Rothera Station,
Bowden (2005) reported that encrusting algae were the
dominant sessile organisms at 8 m depth, covering 26% of
the benthos but decreasing to approximately 11% cover at
20 m, the only other depth sampled. North of our study
area on King George Island (62.2�S; Figure 1) we used
supplementary data from Valdivia et al. (2014) to calculate
that the mean encrusting red algal cover on non-sediment
substrates at four sites was approximately 18% at 5–10 m
depth and less than 2% at 25–30 m. However, unlike the
calculated covers in the present study, these estimates do

Figure 13. Shannon diversity and species richness for macroinvertebrates and total community versus sea ice
concentration datasets. For macroinvertebrates without overstory: (a) Shannon diversity (H0) and (b) species
richness versus Sea Ice Index summer (October through February) ice concentrations (%); for the total community:
(c) Shannon diversity and (d) species richness versus National Ice Center (NIC) annual (12-month) ice concentrations
(%). Blue points and letters indicate the 14 study sites (Figure 1; Table S1); black lines indicate linear regressions.
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not exclude sample points with other organisms. From
two other sites on King George Island, Newcombe and
Cárdenas (2011) reported that calcified encrusting red
algae covered 65%–85% of the rock surface beneath
other organisms at 5 m but only 10%–20% at 1 m and
10 m depths.We are not aware of other encrusting macro-
algal cover data from the WAP, but a study in East Antarc-
tica (66.2�S, 110.32�E) reported that encrusting coralline

red algae covered 75%–80% of the bottom beneath can-
opies of Himantothallus grandifolius but less than 20%
beneath stands of the red alga Palmaria decipiens or in
areas without overlying macroalgae (Irving et al., 2005).
The same study also reported lower photosynthetic rates
and bleaching of coralline algae when the H. grandifolius
canopy was experimentally removed. These findings
would suggest that our percent cover data for encrusting

Figure 14. Shannon diversity and species richness for macroinvertebrates and total community versus fleshy
macroalgal cover. For macroinvertebrates without overstory: (a) Shannon diversity (H0) and (b) species richness
versus fleshy macroalgal cover (%); for the total community: (c) Shannon diversity and (d) species richness versus
fleshy macroalgal cover (%). Blue points and letters indicate the 14 study sites (Figure 1; Table S1); black lines indicate
linear regressions.

Table 3. Parametric Pearson correlationsa of fleshy macroalgal percent cover with both Shannon
diversity (H0) and species richness (S) for the overall community and for macroinvertebrates alone

Parameter Statistic

Overall Community Macroinvertebrates

H0 S H0 S

Fleshy macroalgal cover r 0.650 0.493 �0.672 �0.584
p 0.012 0.073 0.009 0.028

Log fleshy macroalgal cover r 0.812 0.665 �0.680 �0.444
p <0.001 0.010 0.008 0.112

aMain conclusions were based on these correlations, but nonparametric Spearman’s correlations are reported for comparison in
Table S14.
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red algae could be substantial underestimates. However,
in the present study we observed no significant correla-
tion between fleshy macroalgal cover and encrusting algal
cover, and site J, for example, had nearly 90% cover of
encrusting algae even though it had relatively low percent
cover of both fleshy macroalgae and macroinvertebrates.
The encrusting red algal cover at site J without any cor-
rection for overlying organisms or sediment was 67%. Our
experience at Palmer Station and also at McMurdo Station
(Ross Sea, 77.8�S 164.7�E) is that crustose coralline algae
are quite common in areas without overlying organisms.

As described previously, we chose to calculate macro-
invertebrate cover without including sample points with
overstory brown macroalgae, as that clearly would have
underestimated macroinvertebrate cover at sites with high
macroalgal cover. Our experience is that some macroin-
vertebrates along the WAP, particularly echinoderms and
mollusks, commonly occur beneath the overstory. How-
ever, other macroinvertebrates usually do not occur under
overstory macroalgae, which we recognize may have
resulted in somewhat artificially high estimates of the
cover for them. Our extensive personal observations from
the Palmer Station area are that some sponge species,
particularly the larger ones, are usually not found with
overstory brown macroalgae unless the macroalgal cover
is low. However, that is not the case for the most common

sponge by far that we observed in the present study, Den-
drilla antarctica, which often occurs beneath overstory
brown algae (von Salm et al., 2022). Cárdenas et al.
(2016) reported that compared to temperate areas, East
Antarctica, or the Arctic, canopies of Desmarestia menzie-
sii, D. anceps, and Himantothallus grandifolius on the WAP
are characterized by a relatively high sponge species rich-
ness between 10 m and 20 m, the only depths sampled.
We believe that while some individual taxa may be over-
represented via our methodology, the data overall should
be representative of the macroinvertebrate assemblages.

Although there were significant differences in macro-
invertebrate percent cover among sites, the macroinverte-
brate assemblages across the entire study area were
determined to be similar based on nonparametric, multi-
variate analyses of Bray-Curtis similarities. As a whole, sites
C and F were separate from the others but when individ-
ual transects were compared, two of the three transects at
each of these sites clustered with and were not signifi-
cantly different from many of the transects at other sites.
The outliers, transects C1 and F3, had very low similarity
with any other transects. Transect C1 had the lowest
macroinvertebrate cover of any transect in our study. Tran-
sect F3 only covered 5 m to 15 m depth, whereas F1 and
F2 continued to 20 m and all other transects in the study
continued to 25 m or deeper. Transect F3 had the highest

Figure 15. Hindcast projections of past fleshy macroalgal cover from historical summer Sea Ice Index
concentrations. Projections are based on past sea ice concentrations (Figures S10 and S11) and the linear
regression of 2019 macroalgal cover to the 2015–2019 summer Sea Ice Index dataset. The 2019 data are the
actual observed percent covers. Projections for each prior year are based on the mean of the sea ice data from the
5 preceding years. The purple line at 80% cover represents the highest cover observed at transects in 2019, which
could be considered the upper limit of confidence for projections.
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percent cover of mollusks of any transect in our study,
comprised exclusively of the limpet Nacella concinna,
which occurs in highest densities at shallower depths
(Brêthes et al., 1994; Barnes and Brockington, 2003; Bow-
den, 2005). As these two outlier transects drove the sta-
tistical difference between sites C and F versus all others,
we conclude that the macroinvertebrate assemblages
should be considered as quite similar across all sites.

As noted above, the only apparent pattern across study
sites in terms of macroinvertebrate cover was the increas-
ing percent cover of echinoderms at more southerly sites
(K through N), a pattern driven largely by the regular sea
urchin Sterechinus neumayeri (Figure S3). White et al.
(2012) reported that densities of S. neumayeri from five
sites near Palmer Station sampled in 1989 ranged from
0 to 8.7 individuals m�2 (mean of 3.4) but, where present,
were almost all small individuals that likely were collected
from cracks and between cobble by an airlift sampler. By
comparison and consistent with our results, near Rothera
Station, Bowden (2005) reported approximately 100 indi-
vidual S. neumayeri m�2 consistently across depths at
three sites. Smale (2008) sampled three depths at each
of four Rothera area sites and reported densities of

approximately 40 to 150 individuals m�2 in all but one
of the 12 samples. We are not aware of other reports of S.
neumayeri densities in our study area, but from Doumer
Island, near our site D (Figure 1), Zamorano et al. (1983)
reported that this species constituted 12% of the macro-
invertebrate biomass between 0 m and 10 m and was also
present at 15 m depth. Farther north along the WAP,
Arnaud et al. (1986) reported that S. neumayeri was rela-
tively common on King George Island (62.2�S) sampled
across the broad depth range of 10 m to 600 m. In another
part of King George Island, Nonato et al. (2000) reported
that densities of S. neumayeri ranged from 0 to 10 indivi-
duals m�2 (mean <1) along a transect in sandy sediments
from depths of 6 m to 25 m that was sampled over 3 years.

Compared to assemblage similarities for the fleshy
macroalgal assemblage alone, comparisons across sites for
the overall communities yielded groupings corresponding
to sites with high, medium, and low fleshy macroalgae,
respectively. This analysis utilized our complete dataset, so
for reasons described above could be underrepresenting
the macroinvertebrate assemblages at sites with high over-
story macroalgal cover. However, when the analysis was

Table 4. Projections under different climate change sea ice predictions for three different current sea ice
versus fleshy macroalgal cover regressions, with a summary of the lowest projection of the three models for
each site

Site
2019

cover (%)

Lowest Projection of
the Three Sea Ice Index Summera

National Ice Center
Annuala

AMSR2 NASA Team 2
Annuala

15%

less
30%

less
50%

less
15%

less
30%

less
50%

less
15%

less
30%

less
50%

less
15%

less
30%

less
50%

less

Ab 72.5 76 79 80*c 76 79 80* 80* 80* 80* 77 80* 80*

B 79.7 80* 80* 80* 80* 80* 80* 80* 80* 80* 80* 80* 80*

C 75.5 79 80* 80* 79 80* 80* 80* 80* 80* 79 80* 80*

D 56.0 59 62 66 60 64 69 80* 80* 80* 59 62 66

E 27.7 33 39 47 33 39 47 55 80* 80* 39 51 67

F 52.7 60 66 75 59 66 75 80* 80* 80* 61 69 80

G 11.5 21 30 43 21 30 43 30 78 80* 25 39 57

H 29.2 36 44 53 38 47 59 60 80* 80* 36 44 53

I 0.8 4 11 32 10 19 31 4 11 80* 14 27 44

J 6.3 14 26 40 16 26 40 14 30 80* 17 28 42

K 0.0 2 7 30 12 23 39 2 7 30 13 26 43

L 6.2 14 22 32 19 31 48 14 29 78 14 22 32

M 6.1 16 28 43 19 31 48 16 38 80* 17 28 43

N 0.2 3 10 45 17 33 55 3 10 45 14 27 46

aThe regression for the National Ice Center data was to log-transformed macroalgal cover, while the other two are from regressions of
untransformed macroalgal cover.
bItalics highlight sites A through H and J, which were in the same SIMPROF group of similarities among macroalgal communities
across sites (Figure 3). Sites I, L, M, and N were in a second group, and site K, with no fleshy macroalgal cover, differed significantly
from all others (Figure 3).
cProjections of >80% macroalgal cover were adjusted to “80*” because the highest overall transect macroalgal cover in 2019 was
slightly less than 80% (Figure 5).
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repeated, excluding data from the overstory brown algae,
only site F changed groups (Figure S6).

4.2. Depth-related patterns within study sites

Fleshy macroalgal cover varied little with depth from 5 m
to 40 m at our northernmost study sites. At all of the sites
throughout the study area where bottom topography
allowed divers to reach 40 m depth, we observed fleshy
macroalgae continuing to even greater depths. An often-
cited study (Gómez et al., 1997) of photosynthetic light
requirements of overstory and other fleshy macroalgae at
Potter Cove on King George Island indicated that the
lower depth limit of fleshy macroalgae should extend
deeper than 30 m, yet illustrations of Antarctic macroalgal
depth distributions commonly extend only to 30 m (e.g.,
Gómez and Huovinen, 2020). Early reports of WAP macro-
algae from dredged collections as deep as 100 m (e.g.,
Zieliński, 1990) have usually been assumed to be from
drift material dislodged from shallower depths (Wiencke
et al., 2014; Robinson et al., 2022). The lower depth dis-
tribution of macroalgae reported at Signy Island (60.7�S)
was 38 m, the maximum depth observed (Brouwer,
1996b). There are reports from remotely operated vehicle
observations of Himantothallus grandifolius attached to
bedrock at 70 m (Wiencke et al., 2014) and Palmaria dec-
ipiens attached at 100 m (Robinson et al., 2022). It seems
likely that fleshy macroalgae commonly extend much
deeper into the WAP benthos than has often been
assumed, consistent with the observations in our study.
The only sites where we did not find fleshy macroalgae at
the greatest depth sampled were the high sea ice sites K,
where no fleshy macroalgae occurred, and N, where in
video transects we only observed Desmarestia menziesii
in the 5 m horizontal transect components, although it
was also present in by-hand collections at 10 m and 15 m.
In addition, Phyllophora antarctica was found at site N
during general collections in very shallow depths. Simi-
larly, fleshy macroalgae in the Arctic also extend into
deeper waters based on remotely operated vehicle and
other remote sampling. Krause-Jensen et al. (2019)
reported that kelp forests in Greenland extended deeper
than 61 m (greatest depth observed) at some offshore
sites. Schimani et al. (2022) reported brown macroalgae
as deep as 32 m and fleshy red macroalgae as deep as 68
m in Spitsbergen. Myer and Sweetman (2015) reported an
abundant but unidentified organism that appeared to be
a fleshy macroalga at 166 m in Spitsbergen.

One abiotic variable we could not control that (literally)
impacts benthic communities is scouring by icebergs of
various sizes which can remove macroalgae and sessile
macroinvertebrates (Gutt and Piepenburg, 2003). In the
depth range we sampled, on the WAP the effects of ice-
berg scour have only been studied quantitatively at
Rothera Station, although efforts are being made to
expand this work to other areas (Deregibus et al., 2017).
Iceberg scour at Rothera dramatically decreases with
depth between 10 m and 40 m (Robinson et al., 2021),
and about a quarter of the benthos is ice-scoured in most
years with higher rates in some years (Barnes et al., 2014).
Although benthic communities can recover from ice scour

disturbance within 10 years, they are likely in continual
successional stages of recovery (Zwerschke et al., 2021).

The depth distributions of both fleshy macroalgae and
macroinvertebrates at many of our study sites suggest
effects from ice scour. For example, the lack of overstory
brown macroalgae above 20 m at site D in the Wauwer-
mans Islands seems very likely to be due to widespread
iceberg scour within the previous few years, with suffi-
cient time for smaller, red macroalgae to recover or reco-
lonize but not sufficient time for the growth of overstory
browns. From site G southward there was a general pat-
tern of increasing fleshy macroalgal cover as depth
increased, although this relationship was statistically sig-
nificant only in vertical transect intervals at site L. At many
of these sites, fleshy macroalgal cover peaked at interme-
diate depths. The increased cover with depth at these
southern sites would be consistent with a greater impact
from ice scour in the shallows than at most of the more
northerly sites. The decreased fleshy macroalgal cover at
the greatest depths, where it occurred, was perhaps attrib-
utable to decreasing irradiance. Iceberg scour can also
have major impacts in the Arctic that decrease with depth.
Heine (1989) observed severe iceberg impacts on benthic
macroalgae and macroinvertebrates in exposed areas to 12
m depth but not deeper or in shallower depressions that
protected the flora and fauna in the Bering Sea. Conlan et
al. (1998) reported that ice scour decreased dramatically
between 0 m and 30 m at two of three Arctic sites with no
scour occurring at any of the three below 30 m. Filbee-
Dexter et al. (2022) reported increases in kelp cover
between 5 m and 15 m depths across many of 55 sites
in the Canadian Arctic, which they attributed to decreases
in ice scour or freshwater input.

4.3. Relationships between ice cover, macroalgae,

and macroinvertebrates

As noted previously, we had no a priori reason to choose
any of the available sea ice metric datasets for comparison
with percent cover of the benthic organisms, nor to
choose annual versus summer-only data. Consequently,
we performed correlation analyses with both annual and
summer ice concentrations from all four datasets. In every
case, fleshy macroalgal cover was strongly, negatively cor-
related to sea ice cover. With the National Ice Center and
AMSR2 Bootstrap ice datasets, the correlations were
slightly stronger with log-transformed macroalgal cover
data, so we reported correlations for both untransformed
and log-transformed macroalgal covers for all ice datasets.
Although ice cover generally increased to the south, sites
in the northern half of the study area such as G and I,
which had sea ice concentrations comparable to those in
the southern half in the National Ice Center dataset and
both AMSR2 datasets, also had levels of fleshy macroalgal
cover that were more comparable to the southern sites
than the northern sites with lower ice cover. Together,
these observations clearly support our hypothesis (and
that of Moe and DeLaca, 1976) that sea ice cover is a main
driver influencing fleshy macroalgal abundance in this
portion of the WAP. Strong negative correlations between
sea ice cover and fleshy macroalgal cover have also been
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reported from several areas in East Antarctica (Clark et al.,
2013; Clark et al., 2015a; Michel et al., 2019) and in the
Arctic (Scherrer et al., 2019; Goldsmit et al., 2021; Filbee-
Dexter et al., 2022; Wiktor et al., 2022). Solar insolation
obviously also decreases southward. To calculate the dif-
ference over our study area, average global horizontal
solar irradiance was modeled over an entire year using the
r.sun module in Grass GIS (Hofierka and Šúri, 2002). The
model accounted for topographic shading but assumed
a uniform Linke Atmospheric turbidity factor, for example,
variations in cloud cover were not considered. The average
daily horizontal daily solar irradiance was found to vary by
9.91% among sites (from 3.52 to 3.90 KWh m�2 day�1),
which is considerably less than the relative difference in
sea ice cover over our study area.

Although there were no significant correlations of
macroinvertebrate cover with any of the sea ice datasets
or fleshy macroalgal cover, macroinvertebrate Shannon
diversity was positively correlated with most of the sea ice
cover datasets. However, there may be an indirect basis for
this correlation. Macroinvertebrate Shannon diversity cor-
related negatively with fleshy macroalgal cover, which as
noted is strongly negatively correlated with sea ice cover.
Macroinvertebrate diversity seems much more likely to be
influenced by macroalgal diversity than by sea ice, even
though the percent cover of macroinvertebrates was not
correlated with fleshy macroalgal cover. For example,
some macroinvertebrate species may be better or worse
as competitors with macroalgae. Macroinvertebrate spe-
cies richness also correlated negatively with fleshy macro-
algal cover, although not significantly with sea ice cover.
Patterns for the total community, however, were opposite
of those for macroinvertebrates alone. Overall community
Shannon diversity and species richness were both nega-
tively correlated with sea ice cover and positively corre-
lated with fleshy macroalgal percent cover. This apparent
greater contribution of fleshy macroalgae to community
diversity cannot be attributed simply to more macroalgal
categories being included in the analysis, as the number of
macroalgal categories and macroinvertebrate categories
was almost equal (Table S2).

Our results differ in many ways from observations and
predictions from studies of nine sites with varying annual
sea ice cover in bays of the Windmill Islands (66�S in East
Antarctica) reported by Clark et al. (2013), which were
subsequently extrapolated to other regions of Antarctica
(Clark et al., 2015b). As in the present study, these inves-
tigators also observed strong inverse correlations between
annual sea ice cover and both macroalgal abundance and
species richness, but they observed positive correlations
between sea ice cover and macroinvertebrate cover, par-
ticularly if two very abundant species (the bryozoan Inver-
siula nutrix and the polychaete Spirorbis nordenskjoldi)
were not included in the analysis (Clark et al., 2013). They
also reported a significant positive correlation between
sea ice cover and macroinvertebrate species richness. In
addition, Clark et al. (2013) measured the underwater
light levels at their nine sites along with the light require-
ments for growth in the only four common macroalgae
(Desmarestia menziesii, Himantothallus grandifolius,

Iridaea cordata, and Palmaria decipiens). Based upon those
results, they modeled the impact of increased irradiance
due to earlier annual sea ice retreat and predicted that
even relatively modest decreases in ice cover could push
communities at sites currently dominated by benthic
macroinvertebrates across a “tipping point” to macroalgal
dominance. They predicted that resultant communities
would have overall lower species richness than present
in higher ice cover, invertebrate dominated communities
(Clark et al., 2013).

The difference in conclusions about overall community
species richness between the present study and that of
Clark et al. (2013) in the Windmill Islands is likely due,
at least in part, to the presence of very different macro-
algal communities. Clark et al. (2013) reported 36 species
of macroinvertebrates but apparently (based on their
graphs) only five total fleshy macroalgal species. If an
increase in the abundance of those species would replace
some of the macroinvertebrate species instead of provid-
ing additional habitat and food, then increasing macroal-
gal dominance could decrease overall species richness.
However, nothing in any of our data on macroalgal or
macroinvertebrate percent cover, Shannon diversity, or
species richness along the sea ice cover gradient present
across our WAP sites is consistent with the existence of
a narrow tipping point where a small change in ice cover
would result in a dramatic shift from macroinvertebrate to
macroalgal cover or to a shift in community diversity.
Where significant changes correlated to sea ice cover were
observed, the relationships were linear (including with
untransformed data where correlations were slightly
stronger with log-transformed data). Perhaps the more
diverse macroalgal assemblages in the WAP provide
a greater spectrum of physiological or morphological char-
acteristics that in some way provide benefits to the macro-
invertebrate assemblages that do not occur to the same
extent in the less macroalgal-diverse East Antarctica
communities.

With respect to overall community diversity, neither
the present study nor those of Clark et al. (2013, 2015b,
2017) accurately enumerate the total invertebrate assem-
blages and certainly on the WAP—probably also elsewhere
in Antarctica—vastly underreport invertebrate species rich-
ness and the numbers of individuals by not including
mesoinvertebrates, particularly those associated with fle-
shy macroalgae. Amphipods and small gastropods are
both species-rich and abundant on WAP macroalgae, and
both are thought to be important mutualists with their
macroalgal hosts, reducing biofouling on the hosts by
consuming microalgal and filamentous macroalgal epi-
phytes (Amsler et al., 2012b, 2014, 2019). Mesoinverte-
brates are much too small to be visible in our video
recordings and apparently were also not enumerated in
the East Antarctica studies. Past studies near Palmer Sta-
tion have identified 32 taxa of gammaridean amphipods
(most identified to species level but some taxa including
multiple species) associated with eight common macroal-
gal species (Huang et al., 2007; Aumack et al., 2011). They
are particularly abundant on branched macroalgae such as
Desmarestia menziesii, D. anceps, and Plocamium sp. with
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densities ranging from approximately 2 to 20 amphipods
g�1 wet weight alga (Huang et al., 2007). When combined
with raw macroalgal biomass m�2 data from Amsler et al.
(1995) these densities extrapolate to 26,000 to 308,000
amphipods m�2 of the benthos in solid stands of the host
macroalgae (Amsler et al., 2008). Similar high densities
have been reported for D. anceps from Signy Island
(60�S latitude) by Richardson (1977). Amphipods also
associate with macroinvertebrates, and Amsler et al.
(2009) reported 38 amphipod species in association with
20 species of sponges near Palmer Station. Although the
way amphipod densities were normalized (macroalgal
weight vs. total sponge volume) makes the studies not
directly comparable, amphipods are clearly much less
abundant on sponges than on branched macroalgae.
Small gastropods are also abundant on macroalgae (Ams-
ler et al., 2015; Amsler et al., 2022). Amsler et al. (2022)
reported 35 gastropod species associated with five macro-
algal species at Palmer Station. Although many other
reports of gastropod species numbers along the WAP
based on different collection methods are lower, WAP
macroalgae probably commonly support relatively high
numbers of gastropod species (Amsler et al., 2022).
Clearly, the present and prior studies (e.g., Clark et al.,
2013; Clark et al., 2015b; Clark et al., 2017), where meth-
odological limitations have prevented the inclusion of
smaller, motile invertebrates, are missing important mem-
bers of the communities. Future studies of the influence
of sea ice or other abiotic (or biotic) parameters on the
Antarctic benthos would be improved by incorporating
additional methods to enable their inclusion.

4.4. Percent cover versus biomass

The video transect methodology we employed requires
extensive post-sampling analysis (e.g., in the present study
analysis of 107,000 random points from 2,140 individual
images, which took many person-months) but enables
relatively rapid sampling with respect to time spent
underwater and to total time spent in the field. Those
aspects are particularly advantageous when working from
oceanographic vessels that are expensive to operate and/
or in polar regions where water temperatures near and
below 0�C severely limit the duration of scuba dives. Both
of those were true of the present study, with the addi-
tional temporal limitation of short daylengths during
April and May in our high latitude, southern hemisphere
study area. However, the percent cover data generated are
not directly relatable to total biomass, which is the param-
eter most relevant for understanding macroalgal inputs
into food webs and for estimating potential blue carbon
contributions.

Further complicating such an effort for the communi-
ties studied here, conversion factors between macroalgal
cover and biomass would vary greatly between taxa and,
for some taxa, between sampling locations. This variability
is particularly true for the overstory brown macroalgae
and especially for Desmarestia menziesii and D. anceps,
which usually dominate in shallower waters in the north-
ern WAP. These species can be up to 3 m to 4 m in length,
respectively, with multiple orders of branching (Wiencke

and Clayton, 2002), often rising a meter or more off the
bottom (authors’ personal observations). Consequently,
a random video analysis point falling on one of these huge
thalli would represent many-fold more actual biomass
from multiple layers present underneath that point than
a point falling on one of the much smaller understory red
macroalgae. This effect would be less so for the overstory
brown Himantothallus grandifolius, which forms large
blades that lie decumbent on the bottom. Individuals have
one to a few blades that can be up to 17 m in length and
nearly a meter in width (Dieckmann et al., 1985). These
thick blades often overlap along their edges and, in dense
stands, can have up to several blades from one or more
individuals completely overlapping. Consequently, they
probably still represent more biomass per point in video
analysis than most understory red macroalgae, but not to
the extent of the densely branched Desmarestia spp. To
illustrate this consequence, although the brown macroal-
gae contributed much and often most of the percent cover
at most of our more northern study sites, this contribution
is much lower than the relative contribution of brown
macroalgae to total biomass in two previous studies at
Palmer Station. There the overstory browns contributed
approximately 80% to over 95% of the total macroalgal
biomass at depths below 5 m depth (DeLaca and Lipps,
1976; Amsler et al., 1995).

However, were one to calculate conversion factors
between percent cover and biomass from the northern
sites such as those around Palmer Station, both the abso-
lute factors for Desmarestia spp. and their values relative
to red macroalgae would certainly be different at the
southernmost of our sample sites. Although Desmarestia
menziesii was present at all sites except for K, individuals
at the southern sites were much smaller and rarely over-
lapped. Unlike D. menziesii from more northern sites,
a point in a percent cover analysis falling on part of a thal-
lus would thus have at most only a few additional thallus
layers beneath contributing biomass. With Himantothallus
grandifolius, smaller individuals and lower overall cover
would rarely result in overlapping blades also probably
necessitating different cover-to-biomass conversion fac-
tors. Making full use of these kinds of video data, which
can be gathered relatively quickly in the field, for applica-
tions where standing biomass (and often its turnover) is
what one truly desires to understand, would require devel-
oping conversions for different taxa or functional groups
at multiple sites throughout the latitudinal range.

4.5. Extrapolations to past and future macroalgal

assemblages

Our data represent a temporal snapshot recorded over 25
days in 2019 from communities at 14 sites spread over
a 450 km latitudinal study area. Ideally projections
through time should be based on data with much greater
temporal replication so as to better incorporate all aspects
of interannual variation. However, this snapshot, which is
all that we presently have, represents the most compre-
hensive data on this system to date, given the difficulties
of accessing the remote areas of the WAP. With the strong
correlation that we observed between sea ice cover and
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macroalgal cover, including to the Sea Ice Index dataset
that goes back 40 years, and with the large declines in
Antarctic sea ice cover predicted for the future, we believe
that considering hindcasts and forecasts even based on
a single snapshot of data from 2019 is constructive. We
view this approach as providing a coarse indication of how
communities may have been changing in the recent past
and of how they may change in the future. We put little
confidence in the specific macroalgal covers projected,
and recognize that some are clearly exaggerated and/or
improbable, and that some are impossible.

The highest overall macroalgal cover observed was
79.7%. Although percent cover can approach 100% at
some depths in individual transects, periodic iceberg scour
is probably a constant phenomenon, reducing benthic
cover. Ice-scouring may prevent communities from ever
reaching climax stages of 100% macroalgal cover, and
we have no evidence (or personal observations) that at the
level of an entire site, macroalgal cover could exceed 80%
by much. Consequently, we believe the hindcast projec-
tions much above 80% from the high macroalgal cover
sites could be unrealistic. Applying that limit, the high
macroalgal cover sites would be projected to have chan-
ged little since the late 1980s. That projection is consistent
with our (C. Amsler) personal, subjective observations at
Palmer Station from 1989 and multiple years since 2000
that while individual species may vary, the overall macro-
algal cover has remained relatively constant.

Hindcast projections for the other, moderate-to-high
ice cover sites show dramatic variation, particularly over
the most recent 15 years.While the huge, rapid changes in
macroalgal cover projected are quite improbable, and the
negative covers predicted for some sites and years are
impossible, concluding that significant changes could
have been occurring at some of these sites over the period
of satellite sea ice records is reasonable. At sites with
currently low macroalgal cover and macroalgal species
richness, particularly site K that had no fleshy macroalgae
in 2019, any increase in macroalgal cover would likely
depend on the new recruitment of additional macroalgal
species beyond the currently nearly ubiquitous Desmares-
tia menziesii. A majority of the sites (A through H and J),
however, did not differ statistically in macroalgal assem-
blage similarity in 2019. Although the magnitude of the
projected changes at the lower ice sites in that group are
also almost certainly unrealistic, more modest but still
substantial increases in macroalgal cover would not have
required immigration of additional species.

Most sea ice models have predicted that Antarctic sea
ice extent should have been declining over recent decades,
but this decline has not happened for the continental area
as a whole (Stammerjohn and Maksym, 2017; Maksym,
2019; Eayrs et al., 2021; Blanchard-Wrigglesworth et al.,
2022) nor consistently in our study area (Figures S10 and
S11). The discrepancy may be because in the past models
have not adequately incorporated wind-driven ice move-
ments or sea surface temperature changes (Blanchard-
Wrigglesworth et al., 2022). Nevertheless, a variety of
models predict that annual sea ice cover off the Antarctic
continent as a whole will decline 15% to 50% or more by

2100 (Cavanagh et al., 2017; Roach et al., 2020; Rackow et
al., 2022). Understanding how such changes could affect
benthic macroalgae is critical for understanding how ben-
thic communities overall may change, and for understand-
ing future macroalgal contributions to projections of
Antarctic blue carbon. The projections we report for future
fleshy macroalgal percent cover are subject to all the
caveats just discussed for hindcast projections. We have
performed these projections with the three best correla-
tions, which were also from the three different satellite ice
data products, and again assumed that fleshy macroalgal
cover cannot substantially exceed 80% for an entire site.
There is considerable variation between the three projec-
tions at individual sites. Using the lowest projection from
the three regressions for each individual site and sea ice
percent reduction, there are only small projected changes
for the northern sites which already have macroalgal cover
approaching 80%. However, the projected increases at
sites that currently have high ice cover and low macroalgal
cover are substantial, often even with only a 15% decrease
in sea ice. As described for hindcast predictions, increases
in macroalgal cover at low macroalgal cover but high
diversity sites such as G and J might not require recruit-
ment of additional macroalgal species. However, as the
projected sea ice changes are for the next three-quarters
of the century, we find it reasonable to postulate that the
macroalgal flora represented in the northern part of our
study area (and northward from it throughout the WAP)
would have time to spread farther south and potentially
continue expanding throughout much of the rest of the
Antarctic coastline.

Migration of the northern WAP flora farther south into
our study area and beyond assumes that total annual
irradiance is the main constraint limiting macroalgal dis-
tribution. That assumption may not be true of the over-
story brown alga Desmarestia anceps, where southward
range expansion may be limited by the light requirements
of its reproductive stages. The only previous reports of D.
anceps south of Palmer Station are Heiser et al. (2023)
from the Wauwermans Islands near our site D and a brief
mention of it being collected in southern Marguerite Bay
near our site N sometime between 1947 and 1981 (Etch-
everry, 1983). There is a juvenile form of D. menziesii that
resembles D. anceps, which was only recently described in
the literature, although it was represented in herbarium
specimens collected previously (Küpper et al., 2019), and
even adult forms can sometimes be difficult to distinguish
without examining holdfast morphology. It seems likely
that the Etcheverry (1983) southern Marguerite Bay report
may actually represent D. menziesii, and our report of D.
anceps at site G may represent the southernmost record of
this species. At site G, it was recorded only from a single
depth (15 m) on a single transect, with D. menziesii being
much more widespread across depths and transects.

Wiencke et al. (1996) hypothesized that the southern dis-
tribution limit ofDesmarestia anceps could be determined by
daylength requirements of the (essentially) microscopic, fila-
mentous gametophyte stage. Under otherwise growth-
promoting culture conditions, both male and female game-
tophytes required short days for gametogenesis, with males
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only becoming fertile after 6 weeks or more at daylengths of
5–7 hours (next shorter and longer daylengths tested were 3
and 9 hours; Wiencke et al., 1996). Although such short day-
lengths certainlyoccur throughoutour study area,daylengths
change progressively more rapidly to the south. Based on
meteorological tables, Wiencke et al. (1996) reported that
daylengths in this range only occur for a few weeks south
of approximately65�S latitude.That periodof timewouldnot
be sufficient within the narrow, required range of 5–7 hours
daylengths for D. anceps gametophytes to complete gameto-
genesis. Similar daylength constraints are unlikely in game-
tophytes of the other members of the Desmarestiaceae that
we observed (Wiencke and Clayton, 1990; Wiencke et al.,
1991; Wiencke et al., 1995; Matula et al., 2022).

The nearly complete disappearance of Desmarestia
anceps just tens of kilometers south of Palmer Station
where it commonly dominates the flora is certainly con-
sistent with the hypothesis of Wiencke et al. (1996) that its
distribution is limited by daylength. At sites without D.
anceps we found D. menziesii throughout the depth range
commonly dominated by D. anceps in the northern WAP,
but the largest D. menziesii individuals are considerably
smaller than the largest D. anceps. Although D. menziesii
might fill the depth range of D. anceps as sea ice is
reduced in the future and contribute similar percent cover
in these southerly areas, it could not likely make as
great a biomass contribution as D. anceps does in the
northern WAP.

5. Conclusions
As we hypothesized, sea ice cover, which reduces light
penetration to the benthos, is a major factor influencing
the percent cover of fleshy macroalgae across our study
sites in the central WAP. Consequently, predicted future
decreases in sea ice cover due to climate change will likely
lead to substantial increases in macroalgal cover in areas
where ice cover is currently relatively high and macroalgal
cover is low to moderate. Decreasing ice cover should
greatly increase macroalgal contributions to future blue
carbon sequestration. Climate change has also accelerated
glacier retreat, however, which can decrease light available
to benthic macroalgae due to increased sediment runoff,
particularly in nearby bays, but over longer periods this
retreat uncovers new benthic habitats suitable for macro-
algal colonization (Quartino et al., 2013; Sahade et al.,
2015; Quartino et al., 2020). Although the overall net
impacts of the changing global climate on WAP macroal-
gae and on their contribution to blue carbon are likely to
be positive, they will vary over space and time.

As decreases in sea ice lead to increased macroalgal
biomass, the concomitant increase in macroalgal carbon
availability is likely to alter benthic food webs, although
understanding details of how and to what extent await
further study.While overall macroinvertebrate cover did not
correlate with either sea ice cover or fleshy macroalgal
cover, increasing macroalgal cover did significantly decrease
macroinvertebrate diversity and species richness even while
increasing overall community diversity and species richness.
Why this decrease occurs and how it impacts community
dynamics also await further research. Future research

should also include mesoinvertebrates, which are known
to be diverse, numerous, and functionally important mem-
bers of macroalgal-dominated communities along the
northern WAP. Increases in macroalgal cover under future
sea ice conditions are certain to dramatically increase the
numbers of mesoinvertebrates in the communities,
although whether this increase will change their diversity
and resilience remains to be determined.
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Wenzhöfer, F, Vanreusel, A. 2019. Degradation
of macroalgal detritus in shallow coastal Antarctic
sediments. Limnology and Oceanography 64:
1423–1441. DOI: http://dx.doi.org/10.1002/lno.
11125.
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