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The seafloor beneath floating ice shelves accounts roughly a third of the Antarctic’'s 5
million km? of continental shelf. Prior to this study, our knowledge of these habitats and
the life they support was restricted to what has been observed from eight boreholes
drilled for geological and glaciological studies. The established theory of sub-ice shelf
biogeography is that both functional and taxonomic diversities decrease along a nutrient
gradient with distance from the ice shelf front, resulting in a depauperate fauna,
dominated by mobile scavengers and predators toward the grounding line. Mobile
macro-benthic life and mega-benthic life have been observed as far as 700 km under
an ice shelf. New observations from two boreholes in the Filchner-Ronne Ice Shelf
challenge the idea that sessile organisms reduce in prevalence the further under the ice
you go. The discovery of an established community consisting of only sessile, probably
filter feeding, organisms (sponges and other taxa) on a boulder 260 km from the ice
front raises significant questions, especially when the local currents suggest that this
community is somewhere between 625 km and 1500 km in the direction of water flow
from the nearest region of photosynthesis. This new evidence requires us to rethink our
ideas with regard to the diversity of community types found under ice shelves, the key
factors which control their distribution and their vulnerability to environmental change
and ice shelf collapse.

Keywords: dropstone, oligotrophic, borehole, sponge (Porifera), Filchner-Ronne Ice Shelf, Weddell Sea

INTRODUCTION

Antarctic continental shelf benthos is often dominated by large, sessile, filter feeding communities
(Gutt et al., 2013). These have been shaped by millennia of cold and highly seasonal conditions
driven by glacial cycles, annual sea ice formation and melt, and the impacts of iceberg scour. The
huge flux of food coming from the plankton above, driven by the summer melt and continuous
daylight, allow these communities to thrive and achieve very high levels of biomass (Griffiths, 2010).

Frontiers in Marine Science | www.frontiersin.org 1

February 2021 | Volume 8 | Article 642040


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/journals/marine-science#editorial-board
https://www.frontiersin.org/journals/marine-science#editorial-board
https://doi.org/10.3389/fmars.2021.642040
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmars.2021.642040
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2021.642040&domain=pdf&date_stamp=2021-02-15
https://www.frontiersin.org/articles/10.3389/fmars.2021.642040/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

BIO"UISIBIUOL MMM | 8OUBIOS BULIB Ul SISIUOIH

0v0Z9 8Ny | 8 8WN|oA | 120z Alenigad

TABLE 1 | Details of Antarctic Ice Shelf boreholes that have seafloor images, including those with living organisms.

Site Year Region Latitude Longitude Depth (m) Ice Thickness Water Column Distance from Substrate Benthic Fauna Pelagic/mobile References
(m) (m) open water Fauna
(km)
J9 1977 Ross 82°22.5'S  168°37.5'W 597 420 237 430 Clay/silt Amphipods, Mysid Lipps et al.,
isopod, fish 1979;
Bruchhausen
etal.,, 1979
Jutulgryta 1991 Fimbulisen 71°18.6'S 0°17.2'E - 1 391 140 Clean dropstones - - @sterhus and
and muddy matrix Orheim, 1994
AMO1b 2003 Amery 69°25.86'S  71°26.77'E 775 479 361 100 Silt and sand Sponges, hydroids,  Kill, Riddle et al.,
polychetes, amphipods, 2007
bivalves, fish or squid
bryozoans,
ascidians,
polychetes,
holothurians,
echinoids,
gastropod
AMO3 2005 Amery 70°33.67'S  70°19.93'E 1254 722 617 200 Clay/silt Holothurian or - Post et al.,
flabelligerid 2014
polychete,

ophiuroid, echinoid,
possible sponge

AMO4 2006 Amery 69°53.97'S  70°17.42'E 931 603 399 160 clay/silt Polychetes, Medusa, krill, Post et al.,
echinoid, sediment  amphipods 2014
mounds

SCINI 2008 Ross 78°13.2'S  164°14.1'E 188 1.1-20 188 80 Fine sediment and Polychete, - Kim, 2019
dropstones ophiuroids,
cerianthid
anemones,
octocoral,
bryozoans, porifera,
chordates,
arthropods,
mollusks
Site 1 2012 Langhovde Glacier 69°12.15’'S ~ 39°49.3'E - 400 10to 25 2.5 Silt and rocks Large isopod c.f. Krill Sugiyama
Glyptonotus etal.,, 2014
antarcticus, fish

(Continued)
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TABLE 1 | Continued

Site Year Region Latitude Longitude Depth (m) Ice Thickness Water Column Distance from Substrate Benthic Fauna Pelagic/mobile References
(m) (m) open water Fauna
(km)
WGz-1 2015 Ross 84°19.5'S 163°40'W 600 755 10 700 Glaciomarine Amphipods, Medusoid and Kingslake et al.,
diamicton zoarcid and ctenophorid jellies 2018
notothenioid fish
FSWi1 2016  Filchner 80°26.12'S  44°25.88'W 1215 853 471 260 Rock on silt Single glass - New findings
sponge
FSwW2 2016 Filchner 80°28.87'S  44°11.32'W 1233 872 472 260 Boulder and silt Stalked sponge, - New findings
non-stalked
sponges,
unidentified stalked
taxa, filamentous
taxa
FSE1 2016 Filchner 80°58.44'S  41°26.92'W 1306 891 528 305 Small clasts and - - New findings
fine sediment
FSE2 2016  Filchner 81°04.55'S  40°49.65'W 1142 387 442 320 Small clasts and - Ctenophore New findings
fine sediment
FNE1 2016  Filchner 78°33.85'S  38°05.25'W 1104 597 588 27 Small clasts and - - New findings
fine sediment
HWD2 2017 Ross 80°39.5'S  174°27.68'E 741 367.5 428 300 ~5-cm clasts and Fish, ophiuroid, Krill, ctenophore, Stevens et al.,

fine mud

possible infauna
burrows

chaetognath,
amphipod

2020
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FIGURE 1 | Antarctic ice shelf borehole locations with seafloor images. Details
for each location can be found in Table 1. New records with life present from
this study are marked with a star, boreholes where life was observed with a
black circle and where no life was observed or reported with a white circle.
R-FIS, Ronne-Filchner Ice Shelf; RIS, Ross Ice Shelf; AIS, Amery Ice Shelf.

This contrasts sharply with the areas beneath the floating ice
shelves, which are hidden from daylight and often far from areas
of primary productivity (Ingels et al., 2021).

Ice shelves cover roughly a third of the Antarctic’s 5 million
km? of continental shelf (Ingels et al., 2018). The Ronne-Filchner
Ice Shelf, in the Weddell Sea, is the second largest Antarctic ice
shelf, accounting for ~28% of the total area under ice shelves,
covering around 420,000 km2 of seabed. Further north on the
East Antarctic Peninsula, the collapses of the Larsen A and
Larsen B ice-shelves, in 1995 and 2002, and the recent high-
profile calving of the giant iceberg, A-68, from Larsen C, have
highlighted how little we know about the habitat beneath these
floating ice shelves.

Our knowledge of the biological communities beneath these
ice shelves is limited to sparse observations through boreholes
and scientific expeditions that investigated the sites of Larsen A
and B at least 5 years after their collapse (Ingels et al., 2021).
Current theory suggests a gradient in abundance and community
type exists under ice shelves with distance from open water.
Sessile suspension-feeders are believed to be restricted to areas
of inflow, close to the ice shelf front, with deposit-feeders and
detritivores, feeding on ever more limited food, further under the
ice shelf (Ingels et al., 2018).

These borehole records are the result of images captured as
part of geological and glaciological sampling which happened
to record images of the seafloor life beneath the ice shelves.
To date, the furthest “inland” from the ice shelf front where
life has been observed is 700 km from the Ross Ice Shelf front
(Table 1). To put this in perspective that is over 64 times the depth
of the Mariana Trench in distance from any known primary
productivity. The WISSARD Program observed amphipods and
fish at the seafloor and pelagic gelatinous organisms in the cavity
beneath the Whillans Ice Stream (Kingslake et al., 2018), but
there was no evidence of benthic organisms or for bioturbation
in the sediment cores. Similarly, the Ross Ice Shelf Project (1977-
78) used baited traps and cameras to observe mobile fauna such
as numerous amphipods, two fish and an isopod; however, no
live sessile organisms were recorded (Bruchhausen et al., 1979;
Lipps et al., 1979). Sediment samples obtained from the borehole,
~475 km from the Ross Ice Shelf front, also contained the
dead remains of meiofaunal foraminifera, bivalves, gastropods,
ostracods, and possible polychete tubes but did not find any living
infauna. The 2017 Aotearoa New Zealand Ross Ice Shelf Program
drilled a borehole in the middle of the ice shelf, some 300 km
from the shelf front (Stevens et al., 2020). In addition to multiple
pelagic organisms, they observed an ophiuroid, a benthic fish, and
what appeared to be infaunal burrows.

Multiple boreholes have been drilled through the Amery Ice
Shelf at varying distances from the ice front. In 2003, a downward
facing camera system investigated a borehole (AMO01b) 100 km
from the ice shelf front (Table 1 and Figure 1) and observed a
diverse assemblage comparable with coastal, sea ice-dominated
locations or deeper water communities (Riddle et al., 2007).
Observed taxa were dominated by sessile suspension feeders
such as bryozoans, ascidians, polychetes, hydroids, bivalves, and
sponges, as well as mobile fauna such as echinoids, flabelligerid
worms, holothurians, and gastropods (Riddle et al., 2007). A less
diverse and more sparse community was found in 2005 by
cameras in a borehole 200 km in from the Amery Ice Shelf
front (AMO3), recording mobile deposit feeders and evidence of
potential suspension/filter feeders (Post et al., 2014). In 2006,
a further borehole (AMO04) revealed a surface-living benthic
polychete, a heart urchin, and polychete tubes 160 km from the
Amery Ice Shelf front (Table 1). All Amery Ice Shelf observations
recorded evidence of krill and amphipods in the water column,
with multiple observations of medusa at AM04. The overall
distribution of life beneath the Amery appears to be strongly
controlled by ocean circulation, with richer and more diverse
taxa associated with nutrient-rich inflowing currents and more
impoverished seafloor coinciding with nutrient-poor outflow
(Post et al., 2014).

Other studies have sampled narrower ice shelves or regions
nearer to the ice shelf front. The most diverse fauna recorded
came from the Ross Sea, 80 km inland from the ice front
(Kim, 2019). They observed eight different phyla and a high
biomass of organisms. Observations from only 2.5 km landward
of the Langhovde Glacier ice front yielded only a single large
isopod crustacean and a fish (Sugiyama et al., 2014). Not all
boreholes have resulted in observations of benthic organisms. An
expedition to the Fimbul Ice Shelf in 1991 found a seafloor of mud
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and dropstones, but no visible life, 140 km from the ice shelf front
(@sterhus, 1994).

Whilst the studies beneath the Amery and Ross Ice Shelf
have been transformative to our understanding of sub-ice-shelf
ecosystems, the paucity of information from other ice shelves
undoubtedly means we are missing vital information about the
diversity and structure of sub-ice-shelf habitats. Such information
is important for our understanding of how ice shelf collapse
might affect these communities and our interpretation of ice
shelf history from sediment records. Here we present the first
observations of the sub-ice shelf fauna of the Filchner-Ronne Ice

Shelf (FRIS) and discuss its significance in relation to previous
records elsewhere.

MATERIALS AND METHODS

Access holes were drilled through the 387-890 m thick Filchner
Ice Shelf (FIS) during the austral summer of 2015-2016 and
2016-2017 (Figure 2) using the British Antarctic Survey (BAS)
hot water drill system (Makinson and Anker, 2014). Water
column and seabed imagery was obtained using a GoPro HERO4
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FIGURE 2 | Map showing location of drill sites on Filchner Ice Shelf (FSW1-2, FSE1-2, and FNE2), comparable samples from continental shelf collected during
JR275 as well as the major sub-ice shelf circulation. Black arrows show flows derived from High Salinity Shelf Water (HSSW) from the Ronne Depression. Purple
arrow shows the flow from HSSW formed over Berkner Bank (Nicholls, 2004). Ice Shelf Water (ISW) exits along the eastern margin of Filchner Trough, with a possible
seasonal influx of modified Warm Deep Water (mMWDW) (Darelius et al., 2016). Dashed light blue arrows represent the flow of the slope front and coastal currents
(Nicholls et al., 2009). Bathymetry is derived from ETOPO1 (NOAA National Geophysical Data Center, 2009).
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video camera, protected within an off-the-shelf pressure housing
that was mounted above a BAS-modified UWITEC gravity
corer. The GoPro recorded video at 30 frames per second, with
a 1080 p resolution and a fixed ISO of 1600. Conductivity-
temperature-depth ~ (CTD)  profiles were additionally
obtained using a Seabird SBE49 with estimated accuracies
of 0.004°C and 0.005, for temperature and salinity, respectively
(Huhn et al., 2018).

Drill sites FSW1 and FSW2 (Figures 1, 2 and Table 1) are
located on the western margin of FIS close to Berkner Island,
260 km from the ice shelf front, in a region where the ice shelf
base is experiencing no significant melting or freezing (Makinson
et al., 2011). Sites FSW1 and FSW2 are on the opposite side of
the Filchner Trough, over 300 km from the ice shelf front. Drill
site FNE2 was located on the northern end of the FIS in an
area of inflow, only 27 km from the ice shelf front (Figures 1,
2 and Table 1).

The primary location of our observations is FSW2, where
the ice shelf and water column are 872 and 472 m, respectively
(Figures 1, 2 and Table 1). Despite multiple attempts to
obtain a sediment core at FSW2, the corer hit a large sub-
rounded boulder which is black/gray in color that was found
to host a diverse benthic fauna (see Supplementary Video).
Inspection of available video footage suggests that the boulder
is mafic (gabbro?). Possible source regions include the Pensacola
Mountains, which is part of an extensive Middle Jurassic igneous
province related to and emplaced just prior to Gondwana break-
up (Ford, 1976; Ferris et al, 1998). The Dufek Massif, for
example, consists of well-layered pyroxene gabbro that contains
abundant magnetite in higher levels that is visually similar to the
boulder imaged here (Ford, 1976). We assume that the boulder
has been transported by the ice shelf, eventually melting out
at the drill site. In this context, a source in the Dufek Massif
would make sense as the drill site lies directly downstream of
this mountain range.

The hydrography of site FSW2 is dominated by inflow of
cold High Salinity Shelf Water (HSSW; Figure 1) which forms
along Berkner Bank or is re-circulated, originally entering the
cavity via Ronne Depression (Ronne Trough) (Nicholls et al,
2009). The water column is characterized by two well-mixed
zones, the upper 100 m below the ice shelf base and in the
250 m thick layer above the bottom (Huhn et al., 2018). Potential
temperature (0) close to the ice shelf base is cold (—2.49°C),
although this is still warmer than the in situ freezing temperature
at this depth. The bottom layer is warmer (—2.2°C) and more
saline (34.61) (Huhn et al., 2018). Ice Shelf Water exits Filchner
Trough along the eastern margin, which is also characterized
by the re-circulation of HSSW and seasonal input of modified
Warm Deep Water (Figure 2) (Darelius et al., 2016; Nachtsheim
etal., 2019). Currents at FSW2 are likely to be strong with model
estimates of up to 0.25 m s~! (Daae et al., 2020) and carry
with them a visible particulate load of silt-sized detritus. It is
unclear if this is entirely terrigenous or whether it also includes
a biogenic component.

The dimensions of the boulder and associated fauna were
estimated by comparison with those of the corer which had a
maximum radius of 11 cm and a height of 75 cm.

RESULTS

The boulder below FSW2 is located at a depth of 1,233 m and
approximately 260 km from the modern calving margin of FIS
(measured as a straight line through water). However, this is in
the opposite direction of the main flow of HSSW (Nicholls, 2004).
Following the two main sources of HSSW would put the boulder
at > 1500 km from FIS front (following HSSW from the Ronne
Depression) or > 625 km from Ronnie Ice Shelf front (following
HSSW formed over Berkner Bank) (Figure 2).

The boulder itself is approximately 96 cm long by 69 cm wide
and around 75 cm high. Fauna is largely concentrated on the sides
of the boulder (Figure 3). The upper surface of the boulder seems
to have a patchy coating of sediment of a similar color to the
surrounding substrate The surrounding sediments show ripples
formed by currents but there is no visible evidence of infauna or
mobile epifauna.

The fauna associated with the boulder can be categorized
into three main types of suspension feeders: a stalked sponge,
non-stalked sponges, and unidentifiable stalked taxa (possible
sponges, ascidians, hydroids, barnacles, cnidarian, or polychetes).
It is also possible that the stalked sponge and/or stalked taxa
might be carnivorous sponges, similar to Cladorhizidae. Only
one confirmed stalked sponge (Figure 3E) was observed at a
length of approximately 8.9 cm; 15 non-stalked sponges were
observed around the edges of the boulder, the largest of which
was 6.64 cm wide by 4 cm tall. Unidentifiable stalked taxa were
the most numerous group, accounting for 58% of all observed
individuals (22 individuals), the longest of which was estimated
to be ~6.6 cm long (Table 2). Figure 3B shows evidence of
filamentous organisms of around 1 cm in length which could not
be identified further but are possibly bacterial mats or hydroids.
The upper surface of the boulder (Figure 3F) may also have a
covering of filamentous organisms coated by the sediment layer
but none of the images available had high enough resolution to
investigate this.

A single, smaller rock with one non-stalked sponge on the
surface was observed from under the nearby FSW1 borehole. No
other benthic or pelagic life was seen, but the camera did not get
as near to this rock as it did to the boulder in FSW2 so the images
were not of comparable detail or scale. No benthic animals were
observed on the seafloor at FNE2, FSE1 or FSE2. There was a
single pelagic ctenophore observed in the borehole water at FSE2.

TABLE 2 | Counts of taxa observed on the boulder found at FSW?2 (for location of
transects refer to Figure 3).

Transect Length  Stalked Non- Unidentified Filamentous

(cm) sponge stalked stalked organisms
sponge taxa

A 40 4 1

B 26 2 Many

¢} 10 3 1

D 15 4

E 28 1 5 14

F 15
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The substrate was similar at each of these locations and consisted
of fine-grained sediments and scattered pebble-sized clasts. From
the video footage, the sediment, and bubbles from the corer at
FNE2 are seen to be moved rapidly by a strong horizontal current.

DISCUSSION

Under ice shelf assemblages are generally believed to resemble
the communities of the oligotrophic deep sea, subsisting
on advected food particles (Ingels et al, 2018). The few
previous examples of these communities from boreholes
have all been from soft substrates or glacial sediments
(Bruchhausen et al., 1979; Lipps et al, 1979; Riddle et al,
2007; Post et al, 2014; Sugiyama et al, 2014; Kingslake
et al, 2018; Kim, 2019; Stevens et al, 2020). This is
the first recorded observation of an in situ hard substrate
sessile community beneath an ice shelf. The discovery of
this suspension feeding community 260 km under a floating
ice shelf in an area of outflow is remarkable in itself and
goes against the existing paradigm (Ingels et al, 2018).
Even though the prevailing current at FSW2 was strong,
it was flowing in the wrong direction to connect the
location directly to the nearest open water at the point of
measurement (Figure 2). Instead, the currents suggest that
this community is somewhere between 625 and 1500 km
from the nearest region of photosynthesis. The effect of
seasonality and pulses in the currents of the region (Darelius
and Sallée, 2018) is unknown given that we do not yet know

where the food comes from or how often they feed, but
may significantly impact these communities, their feeding, and
their recruitment.

Previous borehole records, excluding the new records from
Filchner Ice Shelf (FSW1 and 2), show a general decrease in
overall diversity and in the prevalence of sessile organisms with
increasing distance from the ice shelf front (Figure 4). These
data support the theory that in these oligotrophic environments
mobile taxa are dominant (Ingels et al.,, 2018), with no sessile
fauna previously observed from greater than 200 km under an
ice shelf. The new findings from FSW1 and 2 go against this
trend, with only sessile organisms present, but agree with the
general trend of lower diversity at phylum level. The absence of
any observed deposit feeding infauna or mobile epifauna on the
sediments surrounding the boulder contrasts with existing theory
(Ingels et al., 2018) and the dominance of these groups in the
Amery and Ross Sea bore holes (Bruchhausen et al., 1979; Lipps
et al., 1979; Riddle et al., 2007; Post et al., 2014; Kingslake et al.,
2018; Kim, 2019; Stevens et al., 2020).

The abundance of organisms on the boulder is higher
than would be expected so far from a source of primary
production (Ingels et al,, 2018) and is comparable with large
dropstones in the seasonal sea ice regimes of the fjords of the
West Antarctic Peninsula (Ziegler et al., 2017) or the Filchner
Trough (~450 km north of the ice shelf front, see Figure 2
and Supplementary Figure 1). However, the taxonomic and
functional diversity is much lower than for the dropstones of
the Peninsula (Ziegler et al., 2017) or the outer Filchner Trough
(Supplementary Figure 1).

_ . Imaged
area

tubularia), and polychetes].

FIGURE 3 | Dimensions and close-ups of the boulder, highlighting where life is clearly visible (A-E) and the top of the boulder where no obvious life is visible (F). The
taxa visible on the boulder: Red, large stalked sponge; White, sponge; Orange, stalked taxa [possible sponge, ascidians, hydroid, barnacles, cnidaria (e.g.,

Boulder
outline
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FIGURE 4 | Counts of phyla observed at each borehole with increasing
distance from the ice shelf front, boreholes with no observed life are excluded.
Miscellaneous, unidentifiable living organisms or evidence of infaunal activity.

The existence of this sessile and probable suspension feeding
community so far under the ice shelf raises many ecological
questions that cannot be fully answered given our current state
of knowledge:

What Species Are Present and Are They

Endemic to This Environment?

While it is reasonable to assume that many of the organisms
visible are sponges, it is impossible to tell if they are glass sponges,
demosponges, or calcareous. Antarctica has high percentages of
endemic species from all groups of sponges (Downey et al., 2012),
and species level identification would require physical specimens
and genetic material. The uncertainty around the identity the
other stalked and filamentous taxa lies in the lack of detail
obtainable from the video. However, they are sessile and have not
been observed at any other previous borehole locations. Given
the inherent complexity of obtaining physical samples (except
for mobile fauna caught in baited traps) future studies could use
environmental DNA (eDNA) techniques on water and sediment
samples to identify taxa. The origin of these communities is
unknown and the advection of larvae might well play a role, it is
also possible that given the huge physical extent of these regions
that a specialist endemic fauna, similar in function to that of the
oligotrophic deep sea, may have evolved in situ.

How Old Is This Community?

The time frame for survival of this community is unlikely to be
limited by biology, assuming a sufficient food supply, with some
living sponges estimated to be thousands of years old (Folkers and
Rombouts, 2020). However, exposed dropstones are ephemeral in
nature, especially in regions of high sedimentation. FSW2 is in a
region of strong currents and no significant melt, meaning low
sedimentation compared with regions nearer the grounding line
or with slower currents. This could mean that the boulder would
remain exposed for a long time, as evidenced by the very thin

and patchy layer of sediment on the surface with areas of exposed
rock, especially on the left-hand side of the image (Figure 3).
If this is indeed an endemic and specialized community, for
long-term survival it could “island hop” between dropstones, like
hydrothermal vent communities between active vents (Tyler and
Young, 2003) or between whale falls (Smith et al., 2017). It could
also be continuously recruited from a more stable hard substrate
region upstream, such as the flanks of Berkner Island or sheltered
parts of the edge of the continent.

How Often Does the Community Feed

and What Is the Source of Its Food?

Although these organisms observed on the boulder at FSW2 were
all sessile, without physical specimens it is impossible to know
their true mode of nutrition. At least some of these animals
might be carnivorous sponges. Southern Ocean species represent
~20% of all known carnivorous sponges and they are often
found in oligotrophic bathyal regions or on isolated seamounts
(Goodwin et al., 2017). Chemosynthesis is believed to play a role
in some sub-ice shelf trophic pathways. Methane and hydrogen
sulfide associated with cold seeps are suggested as a source of
energy beneath the former Larsen B Ice Shelf (Domack et al,
2005), although no typically chemotrophic organisms have been
observed through any of the boreholes to date. Nutrients and
organic matter can also come from beneath the grounded ice
sheet with subglacial water discharge (Gerringa et al., 2012; Death
et al., 2014; Vick-Majors et al., 2020) or from sediment melting
out of basal ice (Neuhaus et al., 2020).

How Common Are These Hard Substrate

Sub-Ice Shelf Communities?

Given that this is the first hard sub-ice shelf substrate habitat
observed, we have no estimate for the density, distribution,
longevity, or size range of sub-ice shelf dropstones and boulders.
Such a census would require the use of autonomous technology
with downward facing sensors surveying the under-ice shelf
environment. Large boulders, ca. 1 m in diameter and larger,
were found to account for about 0.1 volume% of Alpine glacial
till (Felletti and Pietro Beretta, 2009). This likely represents
an overestimate for glaciomarine sub-ice-shelf sediments in
Antarctica which can be reasonably expected to be more fine-
grained than Alpine glacial till. But it does suggest that large
boulders can be spaced at the bottom of sub-ice shelf cavities at
intervals as short as 1 km, or greater.

This study shows that there are regions where suitably stable
hard substrate (suited for sessile fauna) coincides with currents
that are sufficiently powerful to advect food from open waters.
However, in other localities, such as FNE2, that are far closer
(27 km) to the ice shelf front and experience significant currents
showed no sign of life at all. To really understand sub-ice shelf
communities, we need to combine information on both suitable
oceanography and substrate. Other locations might provide one
of these factors but not the other. The grounding line, for
instance, may have a higher number of rocks, but may provide
a poor food source or a higher sedimentation rate, burying
the rocks more rapidly. These results demonstrate the potential
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for finding other similar communities elsewhere under large
Antarctic ice shelves. We cannot currently pinpoint the exact
location of similar habitats, future high-resolution modeling of
sub-ice shelf oceanography and topography will enable us to
target further investigation.

In the case of WGZ-1 (Kingslake et al., 2018), being very
close to the grounding line the factor that might prevent sessile
fauna from becoming established is the rainout of debris from
the melting ice base. Sediment deposition rates may be as high
as a few centimeters per year. The water column is also heavily
loaded with suspended fine sediment which would inhibit filter
feeding organisms which tend to favor regions of low inorganic
turbidity (Turner, 2009). Near to grounding lines, these factors
may be as important as the distance from the open ocean,
if not more so. This is supported by the fact that mobile
predators, scavengers, and detritivores (amphipods and fish)
were observed 700 km from the ice front, suggesting that the
absence of sessile macroscopic benthic may not be from a lack
of food but potentially because of the high sediment flux. The
sedimentary material raining out of the ice base does contain
organic matter (at a level of per mils by weight), and there
may be organic material coming from beneath the ice sheet
(Vick-Majors et al., 2020).

How Does the Existence of This
Community Inform Our Knowledge of the
Physical Environment and Regime Under
the Ronne-Filchner Ice Shelf and Other

Ice Shelves?

Our findings also suggest that sub-ice shelf oceanographic
conditions that are capable of providing a food source may be
more widespread than previously thought. The presence of a
sessile community 260 km from the ice shelf front supports the
possibility that diatoms or other advected organic material are
traveling far beneath the ice shelf. This has major implications
for the study of glaciology and Antarctic marine geology, as the
presence and composition of these marine microfossils in the
sedimentary record have traditionally been used to determine
presence/absence of paleo-ice shelves, as well as the proximity to
the open-ocean (Smith et al., 2019).

What Would Become of These
Communities in the Event of Ice Shelf
Collapse?

These findings may be evidence of an Antarctic sub-ice shelf hard
substrate benthic community that is well adapted to a low food
supply, which makes it particularly vulnerable to the effects of
ice shelf collapse and associated changes in productivity regimes.
However, if this community turns out to be a restricted subset
of the more general Weddell Sea hard substrate community,
then it would be logical to assume that ice shelf loss would
allow the community to thrive and succession would result in a
community resembling that of the sea ice zone (Supplementary
Figure 1). In the smaller Larsen A and B regions, the shift to
more open water conditions with high local primary productivity

was rapid (Ingels et al., 2018). The Larsen A and B communities
are believed to be derived from the nearby shelf communities
restricted by limited food availability. This is also reflected in
many of the boreholes, with mobile fish, echinoderms, and
arthropods, recognizable from the sea ice zone, being the only
fauna observed on soft or glacial sediments (Bruchhausen et al.,
1979; Kingslake et al., 2018; Stevens et al., 2020).

The first observation of a hard substrate community far under
an ice shelf demonstrates that dropstones and boulders must play
a similarly significant role in these regions as they do in the rest
of the Southern Ocean acting as islands of hard substrate in a
sea of mud (Ziegler et al., 2017). The biological and physical
attributes that allow this community to survive, despite our
current theories, suggest that these communities are either better
connected to the outside world than we can currently explain
or that the organisms themselves represent highly specialized
extreme oligotrophic adaptation.

Given that our combined knowledge of in situ under ice
shelf habitats (more than 1.5 million km?2) is drawn from 10
discrete observations covering a total area comparable to that of
a tennis court, it should not come as a surprise that we are still
discovering previously unseen types of sub-ice shelf communities
far from open water. These findings raise more questions than
they answer, highlighting the need for a concerted international
effort to systematically observe, sample, and quantify these
communities; their wider role in the Southern Ocean; and
their physiological adaptations to this extreme environment.
These observations challenge our understanding of what types
of organisms can survive so far from daylight and have wider
implications with regard to the evolution of the first complex
organisms on earth, in particular through the “snowball earth”
period, astrobiology, and the survival of polar organisms during
more recent glacial maxima.
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