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Abstract

ABSTRACT

Benthos is the term used to refer to all organisms living on, within or in tight relation with the
bottom of any water body. In this particular case, it is used to refer to fauna inhabiting the
shelf of the Weddelbea.

The study of benthos in the Southern Ocean has over 100 years of history, with its first
important milestone being th@hallengerexpedition. From then onwards, benthic research

has been mar ked rioys fodupitelmé oid s & x avih awiilh foceed onper i o
species descriptionthe fiec ol ogy fstarted with tichimlegical addamces which

allowed for SCUBA diving, settling of Antarctic research bases, and thdogevent of
icebreakers; followed by he fyesdwompdglogi cal and vatk foaus onment al
animal physiology andin-situ experiments; and the recentifunctional ecology and
physiologyp e r i focdsing onhow benthos might react to ongoing and predicted climate
change.

Collective knowledge obiaed through the research history of Antarctic benthos has helped

to understand how sbad living organisms have evolved and adapted to its extreme
environment. Glaciations in the Oligocene (~35 mya) caused the loss of top predators such as
large lithodidcrabs and sharks. The formation of the circumpolar cyrisolation of the
Antarctic continent (Pliocene 5B6 mya), and further glacial/interglacial mels
(Pleistocene 16.01 mya)resulted in the hig endemism of Antarctic benthaesd radiation

of groups such as pycnogonids and peracarid crustaceans. More recently (in a geological
time-scale), the last glacial maxima is pointed out as key in the evolution of cryptic species,
the similarity of Antarctic and deegea benthos, and the circumpolar ritisttion of many

groups and species.

Benthos has been shaped by its isolation and evolution pressure of glaciations, and the
additional effect of low but stable temperaturesd dighly variable input of primary
produced organic matter, and iceberg scoir® r e s e nt dayo benthos 1is
capacity to live in temperatures well below 0°C, being stenotherm and eurybathic, distribute
patchily, beingdominated by suspension feedeasd gigantisms, among otherShese
characteristicallow Antarctic benthos to develop dense and highly diverse communities,
which can be richer than suikmpical environments. To date, neathan 7200 benthic species
havebeen described. However, based on estimations, thentatdyershould lie well above
17,000, meaning we are still far from a complete inventory. The infauna fraction of Antarctic
benthos is mainly composed by burrowingrms, bivalves and small crustaceaaadthe
epifauna fraction varies according to lopalagicenvironmental regimes.xamples of this

are the sponge dominated communities of the R8sa and Weddell Seand the motile
holothurian deposit feeder community of the West Antarctic Peninsula shelf. This -bentho
pelagic coupling with its local and regidnaariationsresulted in benthic communities and
assemblages to be also diverse. However, our knowledge on benthic communities, its
distribution and relation with the abiotic environmestill has many gap®speciallyin areas

with heavy seace conditiois which are hard to reach.




Abstract

Recent awareness on climate change prompted Antarctic scientists to focus on how the
Antarctic climate has changed during thstinmental period, and how it migtihange under
different IPCC scenarios. The amounted knowledgesvsigeneral trends of increased-gsa

cover and decreased temperasurethe eastern Weddell Sétowever, other regionsuch as

the Antarctic Peninsula and Bellingshausen &adencean opposite trend (i.e. less dea

and higher temperatures). Retstudies in the Antarctic Peninsula have shown the decrease
of seaice cover to increase primary prodivity, which in turnincreased the amount of
carbon produced and fixed by benthicamgms.

The present thesis tackles different aspects of the p&stent and future dfigh Antarctic
benthic communities of the Weddell SEaur manuscrigareincluded:

- Manuscript 1 tackles methodological approaches used to sample bemthiss
manuscriptshowsthe complementary nature of sediment cores and sdatzagks,
provingdata of two compartments of benthos, the infauna and epifaunaapisach
combining both methods is a practical and efficient method to study benthic fauna.

- Manuscript2 reviews knowldge on benthgelagic coupling n Antarctic shelvesn
order to put together the puzzle of how the coupling wdtkis shown that bentho
pelagic coupling in the Weddell Sea differs considerditalgn coupling processeis
waters otthe West Antarctic Peninsula.

- Manuscript 3 builds up on the methodologikabwledge of Manuscript 1 and uses it
to describe benthic communities in the hard to access Filchner Region (southern
Weddell Sea). In this area, which is predicted to suffer-sealbed temperature
increases with serious implications for the global watess circulation, benthos was
studied intensively after a first attempt with trawls > 30 years ago. This manuscript
showsc hanges in benthic community distribut
communities inhabiting the Filchner Region.

- Manuscript 4is a longterm study which considers a unique-\&@r time seds of
benthic data obtained on the southeasterndale®ea shelf off Austasen. Based on
these datathe benthoscommunities appeaseverely affected by a decrease of
productivity due to increased séee cover,and increase of scouring potentihle to
higher iceberg frequency and area after 2000

The answers provided by the manuscrigitshis thesis bring with them a whole new set of
guestions. However, to answer these new guest(and those which are not or partially
answered), waeneed to include additiondlenthosdata In the context of thishesis, such
benthic metadata includeg. physiological concepts and experiments, local particle flux and
productivity regimes, sedimé geomorphology and chemistry, water cursesmid water mass
characteristics. Additionally to these metadata, modern mathematical and statistical
approaches should be considered over classical ones, to include geadtati categorical

data which areausually not included in e.g. linear afbra. In conclusigna key concept to
answer unresolved and newoqkest iwmi cihs wiomdld
connect Antarctidenthic fauna with other biotic amdbiotic characteristics, and to draw lines
between benthic and pelagic realms. By doing this we will be able to put together the benthic
puzzle piece by piece, and understand how benthos has been, and will be, affeated by
everchanging environment.




Zusammenfassung

ZUSAMMENFASSUNG

Der Begri ff ABent hosdo umfasst all e Organism
Beziehungmit dem Sediment in Gewassern jeglicher Art lebémder vorliegenden Arbeit
bezeichnet dieser Begriff die Makrofsades Weddell Meer Schelfs.

Untersuchungedes Benthosm Sidpolarmeer habesuf eine tber 10{Ahrige Geschichte,

die ihrenAnfang mitderAChal | enger Expedi t iUnteruchongddes. Nac h
Benthoslassen sich irnZeitrAumemit unterschiedlichen Schwerpunkten einteilen. In einer
AaxonomischerPhasé st and zun?@chsder Aden ém Ntelpunkt. rDei b u n g
anschlieBendéokologisch ausgerichtefthaséi begann mit zunehmender
der Forschunginsbesonderelas Geratetauchenie Errichtungvon Forschungsstationen in

der Antarktis und die Entwicklung leistungsstarker Forscheisgsechewaren wichtig fir

die Forschung in dieser Phad@anach folgte eindkophysiologische und experimentelle

Phasé mi t auFdoeKierghysiologie und irsitu Experimenta. Im Moment durchlaufen

wir eine Afunkti onPRdséh emiundeipmegmi Btbyespuerkt
sich mit der zukinftigen Entwicklung von Benthos vor delntergrund prognostizierter
Klimaveranderungebefassen

Das im Verlauf der bisherigebntersuchungerdes Benthos erlangté/issen erlaubt uns

Einblicke wie Benthosorganismesich unter derraven Bedingungen des Sidpolarmeeres
entwickelt und angepasst haben. Die&/ers ung i m Ol ifuhpre zimAussterben3 5 my
von Raubernwiel i t hodi den Krebsen wund Haien in dies
Zi rkumpol arstroms (Pliozan [ 5,3 bileitele, 6 mye
glaziale-interglaialePei oden w2 hrend des Pleistoz2ns ( F
in einem hohen Endemismus der benthischen FaunAuslireitungvon Grupperwie z.B.
Pycnogoniden und peragden Krebsen. Ein zentrales Ereignis in jingerer Zeit war die letzte
glazialePeriode, die dazu fiihrte, dass sich kryptische Arten ausbilden kammdenu einer

Ahnlichkeit von Tiefsee und antarktischen Benthos filhrte sowie zu einer zirkumpolaren
Verbreitung vieler Gruppen und Arten.

Isolation und Evolutionsdruck durch Vereisumgben das Benthos gepr&givie zusatzliche
Effekte wie z.B. niedrigeaber stabile Wassertemperatyrsehr variable Verfligbarkeit von
organischem Material und Stérung durgéstrandée Eisberge. Heutzutage ist das Benthos
chaikterisiert durch sein€ahgkeit, in Wasseemperaturen < 0°C zu leben, die Tiere sind
stenotherm und eurybathu nr e g e | vaforeitetg sie sind dominiert von
Suspensionsfiltriera, und Gigantismus ist haufighufgrund dieser Eigenschaftast das
antarktische Benthos in der Lage, dichte Gemeinschafiehoher Diversitazu entwickeln,
die artemreicher und diverser als stitopische Gemehschaften sein konnen. Bis heute sind >
7200 benthische Tierarten beschrieben worden. Allerdings Hdrechnungen ergeben, dass
die tatsachliche Artenzahl mit > 17000 erheblich hoher liegen didrfees  Wwiesing im
Moment weit davon entferntdie komplette Artenvielfalt der Antarktis zu kennenDie
Endofauna de antarktischen Benthobesteht im Wésantlichen aus bohrenden Wuirmern,
Muscheln und kleinen Krebsewphingegerndie Zusammensetzung der Epifauna variiert und
stark von lokalen Parametern im Pelagial geprégt wird. Beispiele hierfur sind die Schwamm
dominierten Gemeinschaften im Ross uWkddellMeer und die vonfreibeweglichen




Zusammenfassung

Holothurien dominierten Gemeinschafteon Sustratfresserauf dem westlichen Schelf der
Antarktischen Halbinsel. Dieses bentbelagische Zusammenspiel mit seinen lokalen und
regionalen Charakteristiken fordert die hohevedsitédt der benthischen Gemeinschaften.
Leider haben wir aber immer noch erhebliche Wissensliicken hinsichtlich der Verteilung der
benthischen Gemeinschaften und ihrer Interaktion mit abiotischen Umweltparametern; dieses
gilt insbesondere fir Gebiete, dsegen permanenter und starker Eisbedeckung auch heute
nur schwer zugénglich sind.

Die aktuelle Diskussion udber Klimaveranderungen richtet die Aufmerksamkeit der
Antarktisforscher auf die Fragen aus, wie dssarktische Klima sich im Verlauf des
instrumentellen Zeitalters verandert hat und @sesich unter Berlcksichtigungrschiedener
IPCC-Szenarien kinftig verandern wirtnser bisherigedVissen lasst vermuten ask die
Meereisbedeckung im 6stlichen Weddell Meer zunehmen wird und die Wagsendéimen

dort sinkenwerden Andere Regionen wie z.B. die Bellingshausen See und die Gewasser an
der Antarktischen Halbinselzeigen allerdings ringegenlaufigen Trend mit weniger
Meereisbedeckung und steigend@vassemmperaturen Neuere Untersuchungem ader
Antarktischen Halbinsel zeigen, dass steigende Temperaturen und abnehmende Meer
eisbedeckungzu einer erhéltenPrimarproduktionfiihren und samit auch zu steigender
Kohlenstoffproduktiorunddurch Benthosorganismerermehrtgebundenen Kohlenstoffs.

Diese Doktorarbeit befasst sich mit verschiedenen Aspekien Vergangenheit, der
Gegenwart und der zukinftigen Entwicklung der benthisci&emeinschaftenim
hochantarktischeWeddeltMeer. Vier Veroffentlichungen sind eingebunden:

- Manuskript 1 befasst sicit verschiedenen Methodedie verwendet werden um
Benthos zu sammeln und zu beschreiben. Bei den Methoden handelt es sich um
guantitatives Sammeln mit Bodengreifern inshesander Endofauna und undas
Fotographieren der Bodenfauna mit LK@meras, wobei diese Methode besser die
Epifaunaerfasst Die Ausriistung eines Bodengreifers mit einer {dmera erlaubt
eine sehr effiziente Beprobung und Darstellung der Fauna am Meeresboden.

- Das zweite Manuskript istein Review, in dem Prozesse der berpetagischen
Kopplung auf dem Antarktischen Schelf umigren Funktionsweiseanschaulich
dargestellt werden. Es wird gezeigt, dass sich die bewtagische Kopplung im
WeddeltMeer erheblich anders darstellt als blen Gewassern westlich der
Antarktischen Halbinsel.

- Das dritte Manuskript beschreibt, aufbauend adfn im ersten Manuskript
dargestellten Methocen, die Benthogemeinschaftender schver zuganglichen
FilchnerRegionim sudlichen Weddell Meer. In diesem Gaifir das eine Zunahme
der bodennahen Wassertemperaturen prognostiziert mitdirastischen Folgen auch
fur die globale Wassermassenzirkulation, wurde das Benthos erstmals nach > 30
Jahren intensiv untersucht. In diesem Manuskript werden Veranderungear
Verbreitung derbenthischen @meinschafterin dieser Regiorbeschrieben und es
werden zwefir die FilchnerRegionneue Gemeinschaftemrgestellt.

- Manuskript 4 ist eine Langzeitstudie. In ihr wird eine einzigartigejaBéige
Beprobung des Benthosauf dem suddstlichen Schelf dé¥eddeltMeeres vor
Austasen vorgestellt. Das Benthos in diesem Gebiet scheint erheblich unter einer

v




Zusammenfassung

Abnahme der Primarproduktion zu leiden, die auf eine Zunahme der
Meereisbedeckung zuriickgefihrt wird und auf ein erhohtap@&@ential aufgrundes
zunehmenden Auftretens vgrnol3en Eisberga abdem Jahr 2000.

Die Antworten auf viele deFragen, die in dieser Doktorarbeit und den Manuskripten
gegeben werdenverfen gleiclzeitig eine Vielzahl von neuen Fragen abDie Antwortenauf

diese Fragen, auch auf Fragen, die im Rahmen dieser Arbeit nur teilweise beantwortet werden
konnten, erfordern weitere Untersuchungen des Benthos. Im Kontext dieser Arbeit sollten
diese weiteren Untersuchungen auf physiologische Konzepte und Exgeriraah lokal
unterschiedliche Partikelflisse und Produktionsregamsgedehnt werderund die Geo
morphologie und Chemie des Meeresbodens mussten beriicksigbtagn ebenso wie
Stromungssysteme und unterschiedliche Wassermassen mit ihren Charakteristiken.
Erforderlich ist weiterhin die Einbindung moderner mathematischer und statistischer
Methoden um auch qualitative und kategorische Daten einarbeiten zu kodnnen, die
normalerweise in z.B. linearer Algebra nicht beriicksichtigt werden. Zusammenfassend kann
man sagengdassder Schlissel zu Antworten auf ungeléste und auch neue Fragen ein
zukunftiger multidisziplinarer Forschungsansast, in dem Fragen zum Benthos eng
verknupft werden mit anderen biotischen und abiotischen Fragen und Prozessen, die dann das
Pelagial und Benthaterbinden Wenn wir das verwirklichenwverden wir in der Lage sein,
dasibent hi sche Puzzlein St¢gck f ¢r Steg wikdasz us a mm
Benthos sich entwickelt hatnd wie es sich in einer dynamischen Umwelt weiterhin
entwickeln wird.




Glosary

GLOSSARY

- Community: Ecological unit composed of populations of different specess,
occurringin the same environment

- Assemblage:Subunit of acommunity.

- Diachronous: Feature or phenomenon occurring in different geological periods.

- Cryptic species:One of two or more morphologically indistinguishable species which
are genetically different.

- Infaunal benthos: Fraction ofseabed biotaving burrowedin the sediment.

- Epifaunal benthos: Fraction ofseabed biothving on the sediment.

- Macrobenthos: Benthicorganismawith body size> 0.5mm.

- Megabenthos: Benthic organismswith body sizes> 1 cm Large enough tobe
observed in seabed images and videos.

- lce Shelf Water: Water mass generated by the interactioncef shelves andligh
Salinity Shelf Water one of the precursors of Weddell Sea Bottom Water and
Antarctic Bottom Water, driversf the gldal thermohaline circulation.

- Bentho-pelagic coupling: Term used to refeo theinterconnectivity betwen benthic
and pelagicsystems with a focus onbenthic processes affearg and modifying
pelagic abiotic/biotic factors

- Pelagebenthic coupling: Term used to refeo the interconnectivity between benthic
and pelagic systems, with a focus on benthic processes affectingnaudiflying
benthic abiotic/biotic factors.

Vi



General Introduction

GENERAL INTRODUCTION

General remarks

The study of benthos haslongtradition, even irthe Southern OcegClarke 2008, Griffiths

et al. 2018) As statedby Arntz et al. (1999)fial r eady at fir st gl ance
reveals a number of properties which render its study not only mxchiut also particularly
rewarding for the s ol,thisneedstobdevea mard empghaszedlin q u e
view of ecological questions regarding Antarctic cold water systevhgh are forming the

focus of thisthesisAnr t z 6 s paitulariy &ue tif we consider that benthic habitats

are extremely diverse, includirgpft and hard bottomshallow shelf andleep seaegimes

reefs, estuaries and hydrothermal vemtstarctic benthic biota have been proposed as
Aicanar i e scldnate ¢hangel (Baimesland Clarke 2011), since they are profoundly and
quickly affected by climatériven ice and temperature regimekence in the context ofthe

uneven impact of climate change in Antarctica withiseagains and sesurface temperature

drops in the eastern Weddell Sea, and opposite trends in the western Weddell Sea (e.g. Liu et

al. 2004, Turner et al. 2014, 2016), studiesh&fi Ant ar cti ¢ bent hoso can
information on how different Antarctic systems migct.

Researt history

AAntarctic benthoso is the term used in |it
slopes and deep waters around the Antarctic continent and adjacent islands (Gufft2907).

history of its scientific exploratiofs over a centuryjong (Clarke 2008) While Antarctic
exploratory expeditions started in the late"1@ntury (Griffiths et al. 2018), the first
substantial benthic samples were taken duringGhallenger expedition in the late 19

century (Arntz et al. 1994, Griffiths et.&1009).Until the first half of the 26 century, most
subsequentbenthic studies aimeat species descriptions afalinal inventories (De Broyer et

al. 2010)

After thisfit a x o n o mi ,dnathe squand hab af the 2 ent ury an fAecol og
peli o dcommenced,handin-hand with the establishmentof research bases anihe
development of SCUBA gear for divers, aliog for the early description of benthos living
within diving reach, such as the sponge dominated community in the McMurdo Sound in the
Ross Se&Dayton et al. 1974). Another technological breakthrough was the use of idagreak
researchvesselssuch asPolarstern Nathaniel B. Palmerand James Clarke Rossn the
Weddell Sea, the expedition$ RV Polarsternstarted inthe early 1980s. Based on bottom
and Agassiz trawls deployed during the fPstlarsternexpeditions, Vol3 (1988) described for

the first time benthic community types inhabiting the southern and eastern Weddell Sea
shelvesThis description was further deloped by the studies Gferdes et al. (1992) and Gutt
andStarmans (1998jvhich were based adifferentquantitative approaches.

1]

During the last decades technological advahcesd t o t he onset of an
experiment al fere charactdrized tiyloee complex £xpdniraesitworks, and
moleculartechngues used for taxonomic and physiological studies (see RAgtner et al.
2007,De Broyer et al. 201,0Peck et al. 2014). Howevetigld ecological researcls also

1
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continuing benefiting from taxonomic and physiological advances, as asdliom modern
researclfacilities in Antarcticstations (e.gRotheraand Carlini Stations) which allowd for
performingin situ studies of benthic physiologfRecently, our awareness of climathange
resultedin a focus shift to functional ecology and physiological studiesaipursuit of
understanding how theniqueand rich Antarctic benthos is able to cope with its extreme
environment, and howt will respond tofuture climatescenarios.

Despite the technological advance$ the pastdecades for instance regardingmage
resolution and computational power, many approaches to sample benthos in ecological studies
remained almost unchangetius,the statement made by Arntz et al. (1994) still holds true:
ABent hol ogi sts are compar at.iTheeubeyof gcabsneer vat i \
trawls, dredges and seabed inmgggear while finetuned, is relatively the same as when they
were intraluced. Some gears such as the Agassiz trawl, Petersen grab, and Reineck box corer
wereintroduced to scientific field researd!30, 107 and 55 years ago, respety (Agassiz

1888, Petersen anBoysen Jensen 1911, ReinetR63). Thislong history has allaved
comparisonsbetweenstudiesover a long period of timeOne example is the BEhic
Disturbance EXperiment (BENDEXin the course of whiclan artificially disturbed seabed
areain the eastern Weddell Seeas re-sampled wih a camerayuided coring devie four

times, in order to follow the recolonizatigmocesqgGerdes et al. 2008, Knuahd Schroder

2014).

In general, he use of different samplh approaches impedesomparative acrosstudy
analyses. Therefore, largeale studies on thbenthos in different Antarctic regiorere
notoriouslydifficult (Arntz et al. 1994). This holdgarticularlytrue when quantitative data of
different benthic compartmentsuch as e.g. epifauna dased onseabed imagery) are
compared with quantitative @aon infauna(based onbox corer sampley A way of
homogenizing or combining spatial data from different gearsitatrdnsfornationfor sound
comparisons is stilcking. The same holds true faledicatedsampling strategieis orderto
study differeat benthic compartments in parallel and in a quantitative way.

Evolutionary history of Antarctic benthos

Antarcticbenthicbiotahasbeen shaped to current state after millions of years of isolation and
adaptation, making themuwniqueexample ofenvironment driven evolution (Rogers 2012)
This process occurrech ian environment with low but stable temperatures, low terrestrial
inputs, a highly variable seee cover, anchor ice, iceberg scours, and Hi@ng/largescale
modifications of circulatio patterns and ice shelf extens@md collapse(Arntz et al. 1994,
Convey et al. 2009, Turner et al. 2009, 2014, Constable et al. 2014).

The long evolutionary history of Antarctaold-waterbenthos was markedly impacted in the
Oligocene ~35 million yars agamya). Sediment records give evidence of glaciation events
and decrease of temperatunebjch led toa loss of diversity due to physiological constraints,
especially of top predators such as sharks and crabs (Brandt 2005, Thatje et al. 2085, Roger
2012).The further development of the Antarctic ecosystems towHrels current state was
influenced by the formation of the circumpolar curreystemand the isolation of the
Antarctic continent during the Pliocene (3% mya). For the benthos thecurrent

2
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glaciation/deglaciation eventduring the Pleistocene (:@®01 mya)played aparticularly
important evolutionary role (Arntz et al. 99, Thatje et al. 2005, Barnes aDlarke 2011).

These glaciation events anthe biogeographicsolation of the Antarctic continemed tothe
generallyhigh endemism ang@ronouncedradiation of benthic speciea Antarctic waters
(Thatje et al. 2005, Barnes and Kuklinsiki 2010). First estinaftdseendemism of Antarctic
benthosresulted in valug as high as-70% (Arntz et al. 1997)Later estimates however,
suggest a lower level 6f50% (Griffiths et al. 2009)The level of adiation of some groups

such as pycnogonids and peracarid crustacéassbeen regarded besimilar to the one of
marsupials in Australia (Brandt 2005), which radiated due to absence of placental mammals
(Clemens 1968). LikewiséAntarctic pycnogonids and peracarid crustaceares thought to

have radiatel due tothe absence of top predatorsuch as large lithodid crabafter the
cooling d the Southern Ocean

Another key eventfor the Antarctic benthos occurred durittge last glaciation maximum.
During this period, theAntarctic ice shelves reached their maximum extension 15&gd,
almostcompletely cove the Southern Ocean shelves. Thacdronous extension of the ice
shelves durindPleistocenglacid periodsis hypothesized to explain not only the circumpolar
distribution of many Antarctic benthic organisms, but also the high amount of Antarctic
crypticspeci es (Thatje et al . 2005) . On the one
shelfice advances by migrating to the deep sea. Afteshiadfice retreatediuring warmer
interglacial periodsbenthicorganisms started to recolonize the Antarctie\as, leading to

the current circumpolar distribution(Brey et al. 1996) On the other side, some benthic
organismscould havemigrated from one shelf refuge to the next, before the ice shelf fully
developed, thus recolonizing adjacent shelves (Thatjal.e2005, Barnes and Kuklinski
2010). Surviving by migratingamong shelf refugia would have allowed for evolution of
cryptic species (Thatje et al. 2005). Both strategies are reflected in the eurybathy of present
day Antarctic benthic organisms (Brey et al. 1996). Sberthic taxanhabiting Antarctic
shelves still share similaritiesith deepsea organisms (Barnes afidarke 2011), and the
different geological, geographical and climatic histories are now reflected in regional faunistic
differences and in the high amount of cryptic species (Rogers 2012).

Characteristics of modernAntar ctic benthos

Antarctic benthos has been shaped by latsglasting biogeographidsolation and the
evolutiorary pressureexerted by recurrenglaciations. Otherdrivers are low but stable
temperatures, a highly variable input of primary produced orgamttem and iceberg
scouing. The combined effect of ihenvironmental setting and the geological history have
given Antarctic benthos the following general characteristics (Clarke 1988, Gerdes et al.
1992, BreyandClarke 1993, Arntz et al. 1994, 1999 ttaaecVietti et al. 1999, Orejas et al.
2001, Brandt 2005, Thatje et al. 20@;jffiths et al. 2009, Barnes arlarke 2011, Rogers
2012, Peck et al. 2014):

A. Adaptation to lonambienttemperatures
B. Stenothermia, with loss of resistance to high tempemfafeen less than a few degrees
above 0°C)
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. Patchy abundance, biomass and diversity

. Eurybathy(wide depth rang@sof many species

. Dominance of sessile suspension feeders

. Brooding as main reproductive strategy

.Long generation time and late maturity age

. Gigartism
Paucity of exotherm top predators (e.g. lackaojedecapod crustaceans and sharks)
Capacity to maintain metabolic activity during periods with low available food

ST ITOTMTMOO

In the following, further detas will be givenon thebiodiversity, abundance, biomass, and
adaptations of benthic organisms, as well as some features of benthic communities and their
distribution patterns.

Biodiversity, abundance, and biomass

Clarke (1996) mentioned th&t f o r many peopl eolar ragiens eanjaresc e t o
pictures of vast bleak wasteland populated by those few hardy species able to maintain a
precarious existence in the f aWhdethisfnotiendist r e me |
partly true for Antarctic land ecosystems, is &vay from the reality of Antarctic benthic
ecosystemdHigh-Antarctic kenthic biodiversityis generally on amtermediate level and can

be higher than thaif some subAntarctic ecosystems (Gutt et al. 2004, Griffiths et al. 2009).
Therefore, the notiof a latitudinal cline described by Thorson (1957) and Stehli et al.
(1967), with diversity decredsg from low to high latitudes, applies only for the northern
hemisphere (Clarke 1996, Gray 2001, Claake Johnston 2003, Gutt et al. 2004, Griffiths et

al. 2009).

Morethan 7200 benthicspecieshave been describddr Southern Ocean shel(&& Broyer

et al . 2010) , most of which can be found in
Mar i ne Speg iDeBsoger et & R018). Mangpecieshave a tcum-Antarctic

distribuion (Arntz et al. 1994, Clarke arbhnston 2003, Thatje et al. 2005), whetlygests

the Antarctic shelfo bea single biogeograjt unit (Griffiths et al. 200R While records on

the inventory of benthic species have been diifalbeit slowly, added since the 19

century, and more with mecentlyrenewed effort after the signature of the Rio Convention in

1992 (De Broyer et al. 2010), veestill far from a complete inventory of benthic species.
However, theiguempieneifihewthe benthic speci
answer. Estimates on how many benthic species inhabit Antarctic waters af@utaret al.

(2004) estimated a total of ~17,000 benthic species to inhabit the Antarctic Ishelf
extrapolatingrawl catch data from the Weddell Sétowever, due tohe common existence

of cryptic species (Brandt 2005, Rogers 2012) it is quite likely that a new estimation of the
total number of benthic species will give a higher value.

Not onlyis the diversityof Antarctic benthosigher tharexpectedbut also its abundance and
biomass. While abundance values are in the same order of magnitude as those found in
temperate and subtropical shelves (Arntz et al. 1997), average biomass values of Antarctic
benthoscan be everhigher (Brey and Clarke 1993).
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Antarctic infaunal benthos is mainly composd#durrowing worms (especially polychaetes),
bivalves, and small crustaceansostlyamphipods and tanaid&erces et al. 1992, Safié et al.
2012. However, compositiorand density of epifaunal benthos varies regionally due to
differences in local food regimes and characteristics of bgmglagic processes. Areas with

high local primary production and input of carbon such as the &emand Weddell Sea, and
islands in e vicinity of the Antarctic Peninsula are mainly dominated by suspension feeders,
such as sponges, ascidians &mgozoans (Dayton et al. 197Barnes 1995, Gerdes et al.
1992, Gutt and Starmans 199B) contrast areas where local carbproductionis masked by

inputs from adjacent shelves, such as the West Antarctic Peninsula shelf (Smith et al. 2006)
are mainly dominated by motile deposit feeders (e.g. Sumida et al. 2008, 2014).

Adaptations

Antarctic benthos isvell adapted to low temperatures close to the water freezing point (Peck
2005) and seasonahriability of food input (Clarke 1988). Considering this specialization
and the physiological importance of these two factbmsjll mainly focus onadaptations
relaied to seasonality ddbod input and temperature.

The markety seasonal input of foodvith pronounced differencdsetween light and dark
periods have been proposed to directly regulate benthic processeh as sexual
development, reproduction, recrugnt of juveniles, growth, and feeding ady\v(e.g. Clarke
1988) However, there is evidence that Antarctic benthos is well adapted fodtishortage
and has developed various strategies to maetogical reuirementsalso during winter
months (McClntic et al. 2008, Sumida et al. 2008, Souster et al. 2088ne of these
strategies includeghe use of energetic reservgwoducedduring summer periods (e.g.
Brockington et al. 2001, Peck 2005), change of feediagts,e.g, polychaetes shift from
suspension feeding to deposit feediogidarians change their prdyetweenseasos (e.g.
CattaneeVietti et al. 1999, Orejas et al. 200Bnd deposit feeders make use of liga
formed Af auldatedally nrdnsported resespled material Smith et al. 2006
McClintic et al. 2008, Sumida et al. 2Q0314). Examples of processes performed during
winter season, outside the high food input season, include feeding activity (Barnes and Clarke
1995), growth (Peck 2002, Portner adt 2007), recruitment (Bowden 2005, Galley et al.
2005), larval release (Stanw&mith et al. 1999), and sexual development (Brockington et al.
2001).

At temperatures close to the water freezing parganisms, daot only need to deal with
reduced metbolic ratesand their implication on molecular and individual level (e.g. Peck
2016), but also with the risk of freezing and intrellular ice formation causinglethal
dehydration and ion concentration, which damage cellular membranes and gtrotetiures
(Ramlov 2000) To deal with ice formation, organisms either avoid freezing or telé@ray
using cryoprotecting substanddsit regulate ice formatiorthe growth, recrystallization and
melting point of ice crystals, and supercooling poinbodly fluids (Johnston 1990, Ramlov
2000). Two families of cryoprotecting compounds have been descsiedl,cryoprotective
substances, anlrge protein like cryoprotective substances (Ramlov 2000). Most of these
compoundshave beerfound in Antarctic fsh and in few investigated invertebrates, e.g.
intertidal limpets (Johnston 1990). Other adaptations to prevent freezing are higher
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unsaturated fatty acids in cellular membranes and increamszentrationof solutes (e.g.
sodium chloride) to lower the fe&ing point of body fluids (Johnston 1990).

Temperatures directly affect the speed at which biological processes occur. Due to the
extremdy low water temperatures in the Southern Ocean, growth, development and
maturation rates, swimming, burrowing, andiaslation of food occur at lower speéad
Antarctic invertebratethanin invertebrate®lsewhere (Peck 2002, 2005, 2016, Portner et al.
2007, Peck et al. 2014). To compensatesghtemperatureffecs, organisms show four
adaptations no compensation; fu compensation; partial compensation; and
overcompensation. In most cases, Antarctic benthos only partially compensates for the effect
of low temperature over several biological processes (Peck 2002). There are other processes
such as swimming (for fistgnd burrowing (e.g. in the bivaltaternula éliptica), which are

fully compensated. To achieve this compensation, fish have an increased number of
mitochondria in their red muscle cells to increase metabolic activity (Peck 2005, Poértner et al.
2007), whereas irL. dliptica the muscle involved in burrowing ikrger than that of
temperate species (Peck 2016). However, the cakedliptica is an exception, since most
processes requiring muscular activity are not or only poorly compensated in Antarctic
invertebratessuch ase.g.,thesticking capacity ofimpets and burrowing speed of anemones
(Peck 2002).The fact thatprocesses such as growth and development ratesyell as
assimilation of foodare not fully compensated has been taken as evidence of Antarctic
benthos to be only partially adapted toetvironment (Portner et al. 2007, Peck 2016).

The cold resistanceof Antarctic benthos has been proposed to come with a reduced
temperature range, i,ethe organisms tend to be stenothermeclive in a rather narrow
thermic window of 67°C (Peck 2002)and show poor acclimation capacity (Peck et al.
2009). Peck (2002, 2005) and Portner et al. (2007) reviewed experimental results on Antarctic
invertebrate and fish physiologgndfound that temperaturiacrease®f only a few degrees
above 0°C could adady result in critical failure of biological functioria Antarctic
organismsPeck et al. (2009, 20bPand Richard et al. (2012) proposed Antarctic benthos to
have poor acclimation capacities, atitht temperature ranges ~3°C above present day
temperatves could already be harmful (Richard et al. 2012).

Communities

Antarctic benthic communitiegrepatchily distributed, mainly due to differences in local food
input, and/or magnitude and periodicity of physical disturbances (see e.g. Gerdes et al. 1992,
Arntz et al. 1997, Gutt 200@001, Barnes and Conlan 2007).

Gutt (2007) defined two communitydgs for shelves unaffected by anchor &suspension

feeder community and a mobile depdsiéder and infaunal community. A third community,
thesocal | ed fAphysically controlledo community,
anchor ice (a misnoemn, as all communities are controlled by both biaid abiotic,

including physicafactors). Furthermoresutt (2007)included the divisions: zero abundance

within trophic guilds; extremely low abundances; and monospecific. Whildidtetwo

divisions apply to the suspensiofieedes community and themobile deposHfeeder ad
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infaunal communy, the monepecific division consisted in a mix of the three major
communities.

The classification of Gutt (2007) was updated by Turner et al. (2009) by incladimgyth

maj or uni t Aimi xed assembl ageo, widedecand i ncl u
mobile deposifeeder and infaunal communigensuGutt (2007). Further groups included

were MRNASeepo and AVent o assembl a@pesystemAtC cor di
Turner et al. (2009), Antarctic benthos can be classified into three major community types and

5 distinct assemblages:

A. Communities:
A. Sessile Suspension Feeders with Associated fauna (SSFA)
B. MObile deposit feedersiNfauna and grazers (MOIN)
C. Physically controlled (mainly by anchor ice)
B. Assemblages
A. MIXed (MIX)
B. Seep
C. Vent
D. Monospecific
E. Very low biomass or absence of trophic guilds

This classificationwas used by Gutt et al. (2013b) to describe the spatial distribution of
benthic communitieausing samples obtained via different sampling gears and strategies
around Antarctic shelves. They grouped point data within 3° latitude x 3° longitude cells, to
describe regional patterns and found an almost equal amount of cells to be dominated by
SSFAard MOIN communities and MIX assemblagea finding that was in contrast to the
common notion thatAntarctic benthic communitiegare mainly dominated by sponges.
FurthermoreGutt et al. (2013bjound cells on the eastern and southern Wedde|lezestern

Ross Sea shelvess well asoff Adélie Land, South Shetland Islands, and South Orkney
Islands to have between 5 and 9 commungiybtypes per cellstrongly indicatingthe
pronouncedocal patchiness of Antarctic benthos.

The classification of Gutt (200@nd Turner et al. (2009) is general and broad, making it
applicable for circumpolar studies. However, on a regional level, benthic communities for
some Antarctic regions are defined based on local characteristics of benthic abundance,
biomass and diversityror the Weddell Sea, there are three major community types that have
been originally described by Vol3 (1988), and later validated by Gerdes et al. (1992) and Gutt
and Starmans (1998): @) Eastern Shelf communitywith high diversity, abundance and
biomass, dominated by sessile suspension feeders, predominantly spongeSplthern

Shelf community with intermediate diversity, abundance and biomass, also dominated by
suspension feeders, but predominantly bryozoans; aa&alithern Trench communijtwith

low diversity, high abundance, intermediate biomass values, and dominated by holothurians.

Recent studies describé@nthiccommunitieson the eastern Weddell Sea shelf to resemble
the Eastern Shelf communigensuVol3 (1988) on seabed sections unaffected by iceberg
scours(Gutt and Starmans 2001, Gerdes et al. 2008, Safié et al. Z0&2enthos in the
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adjacent Filchner Region in the southern Weddell Sea has been regardadiaularly
heterogeneous and diverféol3 1988, Gerdes et al. 1992, Gutt and Starmans 1998). This
high-Antarctic region is characterized by heterogeneous topography, hydrography-#el sea
conditions. Furthermore, this part of the Weddell Sea is an important study region to
understand how #hFilchner Ice Shelfywhich is key for the generation of Ice Shelf Water
(ISW), a precursor of deepater, thusa driver of the global water mass circulation, will be
affected by climate change (Hellmer et al. 2012). Considering that the last desafitien
benthos ofthe Filchner Regiorad been conducteslmost 30 years ag@an update on the
benthic statugjuo is needed to understand how observedcgeand temperature variations in
the last decades (Turner et al. 2016, Comiso et al. 2017), andt@dedlimate change
(Hellmer et al2012, Timmerman and Hellmer 2013aveaffecied - and will affect- benthic
communities.

Bentho-pelagic coupling

Antarctic benthos lives in connection with the pelagic realm via biological and environmental
processesThis interconnectivity is marked by th#ownward flux of matter, especially
carbon from the upper water layer to the sealiethrgrave 1973)This pelagebenthic
coupling or benthgelagic coupling is regulated by procestes directly modulate the flux

of carbonsuch asvater depth, seafloor topograpltmgnthic and pelagicommunity structure,
water circulation, wind, as well as ige any of its forms (e.g. Smith et al. 2006, Raffaelli et
al. 2003) Therefore local differences othoseprocesses caresultin local differences in
benthic community characteristics such as abundance, biomass, diversity and composition.

How benthos affects water column and planktonic biological characteristics is quite an open
guestion. To date, the few known examplesude regulation of resuspension and deposition

of particles (Graf and Rosenberg 1997, Mercuri et al. 2008, Tatian et al. 2008), and
modification of planktonic communities via predation or release of meroplanktonic larvae
(Bowden 2005, Schna€Bchiel and Ig 2005). Any fraction of the benthos (e.g. maaro
megabenthos) directly affects sediment erosion and regulatesedimentmixing regime
(Orvain et al. 2012, Queirés et al. 2015). A typical Antarctic example is observed in sponge
dominated communitiewhere vast spicule mats are found. These biogenic silica mats entrap
and consolidate sedimer@ndwork as silicate traps. Furthermore, both sponges and spicule
mats provide substrate and refuge for other invertebrates and fish (Barthel 1992, Barthel and
Gutt 1992, Gutt et al. 2013a). This enhanced biodiversity in sponge dominated communities
affects water column particulate matter content, due to how filter feeders feed by collecting
suspended particles from the water column, thus enhancing downwarof fhaticles and
biodeposition (Barthel 1992, Mercuri et al. 2008, Tatian et al. 2008). Similar examples of
enhanced biodeporith can be found locally in skad patches with high abundance of tube
forming polychaetes which generate a local effect simitarthat of sediments traps,
enhancing downward flux of suspended particles (Frithsen and Doering 1989).

The term benthgelagic coupling implies a twavay relationship Pelagic biotic and abiotic
processes play a key role for benthos, since the main carbon (food) input comes from local
pelagic primary production. Due to the seasonality of sea ice with higleeseaver during

winter and low se#&e cover during summeprimary production is also seasonal, with high
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productivity during spring/summer and low during autumn/winter seafOlaske 1988)
Pelagic primaryroductivity is higher close to the s&® edge where melting of ice stabilizes
the water column, and ments and entrapped algae, are releasseding subsequent
phytoplankton bloomgScharek et al. 1994, Sedwick and DiTullio 1997, Sedwick et al. 2000,
Arrigo et al. 2008, Bertolin and Schloss 2009, Isla 2016). Another factor regulating not only
phytoplankon blooms, but also downward particle flux, is zooplanktonic activity.
Zooplanktonconsumegrimary-production carbon (Flores et al. 2014), resndf in enhanced
pellet production which largely contributes and regulates particle flux characteristics
(Bathmann et al. 1991, Palanques et al. 2002, Sch8ahlel and Isla 2005, Isla et al. 2009,
Rossi et al. 2013, Isla 2016). This particle fleen providethe benthoswith an amount of
carbon equal to <1 to 18% of the local annual production (Bathmann 80al. Ralanques et

al. 2002, Isla et al. 2006, 2009), whiclsigficientto support benthic communities with high

bi omass (Gutt et al. 1998) and form fAfood ba

Climate change and theAntarctic continent

Sine the onset of industrialzation, the natural variability of the composition of the
atmospherdas been modified by anthropogenic inputs, resulting in an increase of greenhouse
gases and local depletion of the stratospheric ozone (Constable et al. 204 ,eTal. 2014,

Gutt et al. 2015). During the 200G@nd 2010s the Scientific Committee on Antarctic
Research (SCAR) and its members published a set of reviews which spanned climatic and
biological changes occurring on geological and instrumental ifiee she 28 century) time
scalesalso includingpredicted changes based on several climate change scenarios published
by the International Panel on Climate Change (IPCC; e.g. Convey et al. 2009, Turner et al.
2009, 2011, 2014, Constable et al. 20G&4dit et al. 2015). The general observations that can

be drawn from their extensive work are: Antarctica has been affected by climate change at an
exceedingly fast rategeneral trends suggesAntarctic sessurface temperatures have
decreased, while seee cover and duration of s&e have increasewn a regional scale,
however, some sectorof the Southern Oceahave shown an increase of smaface
temperatures and decrease of-ieeacovered (e.g. Antarctic Peninsula and Bellingshausen
Sea), whereastloer sectorsexhibited trends irseasurface temperature and ice cover similar

to those for theentire Antarcticcontinent, i.e. decreasingseasurface temperatures and
increasingseaice cover (e.g.Ross Sea and eastern Weddell Sea).

Seaice and sesuface temperature variations are influencedhgyvariation of the westerly

wind regime, which is regulated by the Southern Ocean Annular Mode (SAM,; Liu et al. 2004,
Convey et al. 2009, Turner et al. 2009, 2014, 2016, Constable et al. 2014, Comi20FT al.
Kostov et al. 2017). The term SAM refers to an alteration of atmospheric mass between mid
latitude surface pressure and high latitude surface pressure &8dWpng 1999), which has
positive and negative phases. During negative SAM phases wesiadyg are weakeaa,
causing the Antarctic Coastal Current to migrate northwards, whereas a strengthening of the
SAM during positive phases generates a strengthening of westerly winds. This strengthening
causes a southward migration of the Antarctic CoaStarent, resulting in higher sea
temperatures in the West Antarctic Peninsula region, and Bellingshausen and Amundsen Seas.
A positive SAM also implies a deepening of the Ipressure cell located at the Amundsen
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Sea, which causes si&® losses in the Anmadsen Sea, but the opposite effect in the Ross Sea
and eastern Weddell Sea (Liu et al. 2004, Turner et al. 2016).

The most affected area by increase of temperatures is the West Antarctic Peninsula, its
adjacent islands and the sAbtarctic Islands, wheren some sectors the temperature of the
upper 150m of the water column has increased >2.3°C over the last 8 decades (Convey et al.
2009). This region as well as the Amund§&sa and Bellingshausen Seee the areas where

the highest sei&e losses were cerded since the start of satellite measurements in 1979, with
losses of 51x10km? deadé’ (Turner et al. 2016, Comiso et al. 2017). Furthermore, these
regions have also shown the biggest-shelf losses and glacier retreats of the whole
Antarctic continent (see e.g. Cook et al. 2005). Oppos#eds were recordedspeciallyin

the Ross Sedhis regionhasexperiencedhe largest increase of sz cover (119 x1tkm?

dec?), doublethanthat observed in the Weddell Sea (48 % dec?), andthe Indian (56
x10°km? dec?) and western Pacific (23 x10m? dec?) sectors of the Southern Ocean (Turner

et al. 2016). Comiso et al. (201lated sedce cover trends tseasurface temperature
trends and consideringlatafrom the period 1982015, estimateddecreasesf up to 0.5°C

deade' for all areas where sdee cover has increased.

As the East Antarctic Peninsula is part of the Weddell Sea, the situation is more complex than
mentioned above. The average trends for the whole Weddell Sea Ssaw an increase of
seaice cover and a decrease of -seaface temperature (Turner et al. 2016, Comiso et al.
2017). However, this situation only applies to the eastern Weddell Sea shelf, whereas on the
western Weddell Sea, especidily waterssurraundingthe Antarctic Peninsula, sése cover

has decreasednd seasurface temperatures increased in the last decades (Liu et al. 2004,
Gutt et al. 2015, Turnest al. 2016). While the instrumental records of the last five decades
show contrasts between eastern and western Weddelsu®gagions models based on
different IPCC future scenarios predict $ea cover and salinity to decrease, andsgface

and rearseabed temperature to iraese (Timmerman and Hellmer 2Q01Bellmer et al.

2017).

Seaice cover and sesurface temperature directly affect the pelagionary production.

While a decrease of séze (enlarging of polynyas) as well as an increaséeoiperatures

would enhance pelagic primary production, an increase cfceeeover and decrease of
temperatures would have the opposite effect (Arrigo et al. 2008, 2015). Recently, Peck et al.
(201, Barnes (201p and Barnes et al. (2016, 2018) havedstd how the observed

increase of open water in the West Antarctic Peninsula, and consequent increased pelagic
primary production, have affected benthic organisms and the amount of biological carbon
(Ablue carbonod) stored iTheyfobnd thd inceasé of bpemt hi c
water to enhance benthic fiblue carbonodo produ
negative feedback to climate change. In a similar study, Fillinger et al. (20&B)zedthe

situation of the area formerly coeser by the Larsen A ice shelf; they found benthic
abundance and biomass tripled and doubled, respectively, in-gfauperiod parallel i a

shft to a system with highepelagic primary production (Bertolin and Schloss 2009). An
increase of ice shelfdsal melting due to temperature raises, also resulted in an increased
number of icebergs, which translated into an increased susceptibility of benthos to calving
events Barnes 2017Barnes et al. 2018, Budge and Long 2018). An increase of calving
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eventsoul d el i minate portions of the benthos,
carbono (Gutt 2000, Barnes and Souster 2011,

Research questions

This section includes short rational es of

I ntroductiono (and t heTheonmareuscripty ofettgstthesisnasm ta h e ms
address thesguestions, in order to shed new light on the past, present amd tftbenthic
communities inhabiting the Weddell Sea shelf.

Manuscript 1

Benthologiss are creatures of habit and tend to use a single methodaldggh have not

changed except for some minor technical updaléss approachfacilitates perforning

temporal comparisons, buhay be problematic with regard to spatial compariseitis other

regions or studies where a different methodologgs used. By doing this, we end up with

di fferent Atrut hso, one for each gbhppmoaches ¢ cor
is ideal toinvestigatethe epifaunal benthos, whereas the use of coring devicesss
appropriatefor infaunal benthgswhich burravs in the sediment. While complementary, both
techniques are seldom used togettathoughboth can be comimedin a ime-constrained

sampling campaigiby using cameraquipped corersThis brings the questions therean

advantage in using both methaaisd what would tls advantage be?

Manuscript 2

Benthos is not independent from the pelagos, neither spatially nor temporally. The coupling
between realms is known as benff@agic coupling, a concept critical to understand how
benthos is shaped by its surrounding abiotic and biotic environment. Bktdasive data

exist on benthgelagic processes, just few attempts tried to combine them in a
comprehensi-toeeathd Wewsy Recenpelagicaauplisgomn t he
West Antarctic Peninsula (WAP) shelves provided a description on how tipéngpin this

region works (e.g. Smith et al. 2006, McClintic et al, 2008, Sumida et al. 2008). However,
despite having al/l the Adotso for the Weddel
al. (2006) showed for the WAP. | investigate whether llenthepelagic coupling works in

the samavay in both region®sr not, andchow local characteristics of both regions make this
coupling different.

Manuscript 3

The last benthic sampling the high-Antarctic Filchner region beforBV Polarsterncruise
PS82(Knust and Schroder 201#asconductedalmost 30 years ag&ven the study of Vol
(1988) one of the spatially broadtbenthic studiedailed to sample the central and nortner
partsof the shelf west of the Filchner Trough due to heavyie@eorditions Consequently,
this areads still understudied.

Recently, the Filchner Region, key for the formation of deefer (the latter being an
important driver of tb global water mass circulatiprhas been predicted to suffer drastic
changes which could have global implications (Hellmer et al. 2012). Tiredectionshave
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made the region a focal poifbr oceanographic studiemiming to undersaind how the
complex hydrographyf the Filchner Regiorworks. Additionally, since the last benthic
samplings, the region suffstchanges in its hydrography due to the cahang grounding of
iceberg A23A (Grosfeld et al. 2001 Furtheron seaice trends in the regigprovideevidence
for anincreaseof seaice cover during the 1978013 period (Turner et al. 2016), which could
potentialy causea decrease dbcally produced food input to theenthos.

We know from previais studiesin the region thatthe benthoshas a heterogeneous
distributionand is composedf (at least) thredifferentcommunitieqVVol3 1988, Gerdes et al.
1992, Gutt and Starmans 1998, Gutt et al. 201Bhirthermore considering observed
environmental changes in the region, e.g. theise@ower increments with likelyprimary
productivity losses, we need tpuerywhetherthe benthic communities previously described
in the Filchner Region chang®r not and if so, how. Another point to consider is the role of
the presentspatial environmental heterogeneity in the regiand if the benthic spatial
distribution in the Filchner Regiois affected it and how.Answers to these questions can
give hints on how benthos migthange under the predictions made by Hellmer et al. (2012).

Manuscript 4

The situation in the western Weddell Sea appéavsurablefor benhic growth due to
enhancedelagicprimary production (Peck et al. 20&0Fillinger et al. 2013, Barnes 2015,
2017, Barnes et al. 2016, 2018) comparisonthe situation of the benthos the eastern
Weddell Sea idar from being clearBarnes (2015yescribedan ncrease of benthic blue
carbon n the eastern Weddell Sedowever, this was done considering only one sampling
campaign in 2012. Another fact whichght prove wrong the obsenwan of Barnes (2015) is
the observed trend of increased-gagacover(Turner et al. 2016)which implies a reduction

of pelagicprimary production. This contdiction raisesat leastthree questionsl) What is

the actual situation of the benthos timee eastern Weddell Se&) How hasthe benthic
community of this highAntarctic region been affected by the observed increaseitesea
cover and iceberg number8PWhat would be expected to happen to the eastern Weddell Sea
benthos under scenariohevethe environmental context is predicted to be quite different to
the present one (i.e. lessasee and higher temperatures)?

Manuscripts within the context of the research guestions

This section describes how tHeur manuscriptsof this thesis will addmes the questions
mentionedn the previous section.

Manuscript 1

This manuscript addresses methodological appesagcsed to study benthos in the past, and

how two classic sampling techniques can be used in combination. The main aim of this
manuscript is to compare two sampling methodologies, sediment cores and seabed images. In
order to do this comparison, a set ofstétions with concomitantly taken corer sdes and

seabed images duringVRPolarstern cruise PS82 ANT XXIX/9) in the austral summer
2013/14 were used to compare benthic composition and abundance data obtained by both

12



General Introduction

approaches. These data further alldwasights into benthic community patterns of the
formerly understudied Filchner Region in the southern Weddell Sea.

Manuscript 2

Manuscript 2 reviews the knowledge on the besghlagic coupling. The manuscript
describes benthic and pelagic processes which regulate transfer of carbon between
compartments, also considering local differenéekw are benthic communities shaped by
sud processesWithin this context, examples of environmental and biological factors and
processes regulating the strength and characteristics of khagitigic coupling are explained

to give even norexpertsa clear view of how this coupling works in féifent Antarctic shelf

areas. To further explain how shifts in local pelagic characteristics affect and modify the
benthos, | compare the shelves west of the Antarctic Peniasulzll asghe area formerly
covered by the Larsen Ice Shelf, with the shelhie eastern Weddell Sea.

Manuscript 3

This manuscript addresses questions regardingjttlee studied benthic communities of the
Filchner Regionin the southern Weddell Sea by combining datam analyses omultibox

corer samplesand seabed image$his comprehensive data set was then used to describe
benthic communities in the Filchner Regi@uythern Weddell Sea) including both infaunal

and epifaunal benthos. Furthermore, past (Vol3 1988, Gerdes et al. 1992, Gutt and Starmans
1998) and present biiiic community spatial patterns in the Filchner Region are compared.
Additionally, the described benthic fauna is correlated with a set of geological,
oceanographic, and seéz-related variables, to get hints on how the environmental
heterogeneity of thEilchner Region affects the spatial distribution patterns of benthos.

Manuscript 4

Manuscript 4 describes the benthic community living on the shelf off Austasen, eastern
Weddell Sea, and how this community changeerthe last decades. This manuscrigates

to Manuscript2 by including concepts and components of the beptHagic coupling, which

are key to understand the present status of the benthosoand future could be. Thus,
Manuscript 4 mainly aims to describe the actual situation of thend®nh the eastern
Weddell Sea shelf. To achieve this, the manuscript includes data from eight sampling
campaigns performed in the period 198814, and describes how different benthic taxa, their
abundance and biomass, have chdrajginga 26-year time serig and which environmental
factors drive these changes.

Addressing these topics might give hints on how the future of a typical Weddell Sea benthic
community might look like under climate scenarios where the environmental context is
predicted to be quite different to the present one, i.e. with lessceeand higher
temperatures.
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ABSTRACT

Corer sampling and seabed imaging are two quantitative approaches used to investigate
benthic fauna. Despite the complementary nature of these methods, very few studies have
been done using both in parallel. Here, we compare benthic composition and abuhatan
derived from the quantitative faunistic analysis of both multibox corer samples (MBC) and
seabed images (SBI) taken concomitantly at 16 stations in the FHRlome&e region of the
southern Weddell Sea (Southern Ocean) during R#\arsterncruisePS82 (ANTFXXIX/9)

in 2013/14. A total of 43 benthic taxa were found, 34 in MBC and 29 in SBI samples. Mean
benthic abundance derived from MBC was twenty times higher than the SBI abundance
(1,708 vs. 71 ind ) T best explained by SBI being a method faegon the epifauna alone
whereas MBC also captures the more abundant infauna. Differences in taxa caught by both
gears demonstrated that MBC alone was not sufficient for a comprehensive representation of
the entire benthic fauna. The amestgtion similaity patterns derived from both methods
correlated significantly; a different combination of taxa best explained the specific
distribution patterns. Overall, our results demonstrate similar and comparable spatial
distribution patterns in the benthic comnties by both methods. We therefore highly
recommend the use of both, MBC and SBI in combination.

Keywords: in- and epifauna, Filchner region, zoobenthic distribution patterns, quantitative
sampling
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INTRODUCTION

In general, benthic marine macrofauna can be divided into three hainatiad
compartments: a) infauna living in the sediment; b) epifauna comprising vagile and sessile
organisms living on the sea floor and c) suprabenthic fauna living above the sebutioo
remaining connected to the benthic habitat (Dauvin and Vallet 2006).

Specific collection gear has been designed to adequately sample each of these benthic
compartments. While trawled gear provide qualitative estimates of species numbers and
richness(Clark et al.2016), corers are used to quantitatively determine abundance and
biomass of the different benthic taxa by providing precise numeric data that allow for
inferences on the general ecology of Antarctic benthos. However, quantitative aburetance d
for Southern Ocean macroinvertebrates are still comparatively scarce (Clarke 2008). In the
present study, we compare the performance of two sampling gears by assessing the
guantitative data obtained by a) multibox corer samples and b) seabed images.

Corers have been extensively used in marine ecology and are mainly used for sampling soft
bottom benthic fauna across multiple size ranges. One commonly used corer is the giant box
corer, which covers a seabed area of 0.3%AWVI 2006) and can catch orgamis > 20 mm.

Another example of coring device is the multibox corer (MBC; Gerdes 1990). While single
corers provide information of large macrobenthos, they are inefficient as many deployments

are required to build up a statistically robust picture of titene of macrobenthic distribution

patterns. In comparison, each box of a MBC is inefficient to sample large macrobenthos (each
box covers an area of 0.024)mHowever, the circular area subsampled per deployment of a

MBC is ~2.3 m, this alrd®wsegpgroesierett tppatchi ly distri
being able to treat each of the 9 cores as a replicate (Gerdes 1990).

Corers often provide relatively undisturbed samples of both infaandl epifaunal benthos,
although they are better suited to stude infaunal compartment (Eleftheriou and Mcintyre
2005; Lozach et ak011). The problems of sampling epifaunal benthos with corers are: a) the
scattered abundance of large epifauaay.(hexactinellid sponges); b) patchily distributed
organisms€.g.ophiuroids; Syvitski et alLl989) are underestimated; c) motile organisms tend
to avoid being caught by corems.q. Thurston et al. 1994); and d) the approaching gear may
generate a bowvave effect that flushes away smaller organisms. For further disolessomt
corers and other seftottom sampling gear, we refer to Blomqvist (1991) or Eleftheriou and
Mcintyre (2005), and further literature cited therein.

The disadvantages of corers for the investigation of epibenthos have led to the implementation
of seabed imaging methods to overcome these constraints (Rumohr 1995; Solan et al. 2003).
Since its first use over a century ago in the 1890s, seabed imaging transformed from a
gualitative technique to a quantitative one and has been recognized as a valupldenent

to traditional benthos sampling approaches involving trawls or corers. A wide range of
information can be obtained from seabed images, as they providesian wew of epibenthic
habitats and communities. If spatially calibrated with scales fg.daser pointers), and
corrected for optical distortion, quantitative data on epibenthic abundance and, to some extent,
biomass estimations can be derived by this approach (Rumohr 1995). However, there are
some constraints limiting the use of seabedgesa(Rumohr 1995): a) the light backscattering
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under turbid conditions can result in poor image quality; b) highly mobile, cryptic, and small
sized organisms are not well recorded; and c) high costs for acquisition and maintenance of
seabed imaging equipmimay be prohibitive.

In the Weddell Sea and off the Antarctic Peninsula, benthic communities have been studied
by means of both corers (e.g. Gerdes efl@92, 2003, 2008; Safié et al. 2012) and seabed
imaging (e.gFillinger et al.2013; Gutt andPiepenburg 2003; Gutt et 2011, 2013). Despite

the fact that these methods complement each other, studies using both approaches in a
comparative manner are scarce. This scarcity of information leaves open questions such as: a)
how different are the infanal and epifaunal benthos sampled by both gears in parallel? or b)
are benthic distribution patterns resulting from quantitative corer sampling and obtained from

a parallel seabed imaging survey correlated? Piepenburg et al. (2002) conducted such a study
off King George Island, using a combination of multibox corer (Gerdes 1990) and a still
camera system (Piepenburg and Juterzenka 1994) to comparatively analyze the spatial
distribution of infaunaland epifaunal benthos with a special focus on assemibésgeiption.

In our study we aim to make a comprehensive comparison between both MBC and SBI to
illustrate the differences in results obtained by these methodologies. Furthermore we analyzed
the resemblance of the distribution patterns of infauarad epiaunal benthos.

MATERIAL AND METHODS

Fieldwork was performed during the RRblarsternPS82 (ANTFXXIX/9) expedition in the
Weddell Sea from December 2013 to March 2014 (Knust and Schréder 2014). A total of 16
stations were investigated with a MBC (Table The stations were distributed across three
subregions of the FilchneRonne Outflow System (FROS): a) the eastern and b) western
flanks of the Filchner Trough, and c) the trough itself (Fig. 1).

The MBC used to sample infaunal benthos covers a ciransr of ~2.3 fand provides a
maximum of 9 cores, each core covering 0.0%4 mior to core sampling, seabed images
were taken with an underwater camera (Canon EOS D100) installed in a pressure housing
attached to the MBC. Images were taken every 18ngkcfor 15 minutes resulting in a mean

of 55 images per deployment. The higgfinition photographs were taken fror2Im above

the seabed.

Sediment cores obtained with the MBC were sieved on deck over-and@0esh size sieve.

The sieve residues wertoeed in 5L containers and fixed in a 5% sea wdtamaldehyde
solution buffered with borax. Overall, 101 corer samples were taken at 16 stations. These
samples represented an average of 0.45eaabed per station. Benthic organisms were sorted
from theg samples, identified to the lowest possible taxon via a stereomicroscope and
classified into 34 major taxonomic groups (Table 2). Abundance values (fdwere
determined for each taxon and station. For colonial keygzoans and hydrozoans) and large
macrobenthic organisms (e.g. glass sponges) only presence was recorded.

A total of 279 seabed images (SBI) obtained at the 16 stations were analyzed. At three
stations (033, 040 and 206), all images obtained were analysed in order to calculate the
numberof images per station sufficient to cover all taxonomic groups differentiated. The

taxon accumulation curves at these three stations clearly indicated that the analysis of 15
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images is sufficient for this purpose. For this reason, at all other statrand@nly selected

image subset of 15 SBI was used for the description of the epifaunal community. The average
seabed area analyzed per SBI station was 1%4.&md an overall seabed area of 233%auas
investigated at the 16 stations considered in thidyst

The optical axis of the camera attached to the MBC had an inclination of 45° in relation to the
seabed. To compensate for the distortion of the area pictured, the images were edited prior to
analysis with the Camera Distortion Correction tool of sh&ware Adobe Elements v5.0.

The size of the seabed area in each image, determined by means of tyoilaserdots with

a distance of 4.5 cm from each other, ranged from 0.38 to Z8@emending on the distance

of the camera from the seafloor. In tladoratory, all organisms visible in the SBIs were
counted, identified to the lowest possible taxon, and classified into 29 taxonomic groups
(Table 2). Organism counts were standardized to abundance figures3in@ihe abundance

of colonial organisms &s calculated as area (irf)nsovered by the colonies. To make results

and units between SBI and MBC data comparable, these abundance values were not used for
statistical analysis.

Multivariate statistics were applied to perform benthic community aralylsebundance data
obtained from both MBC and SBI by means of the software package PRIMERV6 with its
PERMANOVA+ addon (Clarke and Gorley 2006; Anderson et al. 2008). A similarity matrix
was calculated by means of Euclidean distances. This similarityixmaas used in a
PERMANOVA analysis to test for interactions between sampling method and sampled
stations. For the design of the PERMANOVA, two factors were considered: a) sampling gear
(MBC and SBI) as a fixed factor, and b) station (16 levels) as a mafactor. The Monte

Carlo option of the PERMANOVA routine was used to ensure 9999 permutations. In case of
a significant interaction between the two factors, pairwise tests were performed to examine
differences between methods and across stations. Abuedalues per taxon and core/image
were 4'-root transformed to reduce the effect of high variation among taxa. These
transformed values were used in a two way SIMPER test (Clarke and Warwick 1994) to
establish the percent dissimilarity between MBC and&iBbss stations, and which taxa were
the primary contributors to these differences.

Mean abundance values for each MBC and SBI station were calculated. These data were
arranged in two matrices featuring the mean abundances per taxon and station (excluding
colonial organisms). Abundance figures weferdot transformed to reduce the effect of high
variation among taxa. Betweatation similarities were calculated using the B@aytis

Index (Bray and Curtis 1957). The resemblance pattern in the similagtyices was
visualized using 2 multidimensional scaling (MDS) plots. The stations were grouped based
on a cluster and SIMPROF analysis (Clarke and Gorley 2006). To recognize the taxa that
primarily explain these station groups, principal component aeml{RCA) of the weighted
variables were performed. MDS and PCA results were compared to evaluate differences
between distribution patterns of the two benthic community fractions represented in the MBC
and SBI data (infauna vs. epifauna).

A RELATE test (Carke and Warwick 1994) was performed to test for a correlation between
the two similarity matrices based on MBC and SBI data, to check the resemblances between
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infaunal and epifaunal distribution patterns. In case a significant correlation was observed

with the RELATE test, BEST tests (Clarke and Gorley 2008) were performed a8R@T.

tests, as RELATE and Mantel tests (Mantel 1967), correlate two similarity matrices. One
matri x I S considered as t he Aexpl ai nedo 0
Aepd anatoryo or i ndependent matri x. As such
Aexplanatoryo matrix one at a ti (Carkeetdhen pa
2008 The BEST procedure then selects the vari;
Aexpl ainedd matri x.

RESULTS

Combining all SBI and MBC data, a total of 43 benthic taxa were found (Table 2). Eight taxa
were exclusively found in SBI (gorgonians, aatians, scleractinians, nudibranchs,
cephalopods, mysids, serolids, and decapods), and 13 taxa were exclusively found in MBC
samples (sipunculids, flatworms, nemerteans, priapulids, aplacophors, clitellate worms,
echiurids, cumaceans, harpacticoid copepoilspeds, tanaidaceans, and ostracods; Table 2).

The mean total benthic abundances of the MBC stations varied from 104 to 4,543,ind m
with an overall mean of 1,708 indfand an overall median of 1,325 ind®nDominant taxa

(i.e,, those that contruted at least 75% to the mean abundance at the stations) were
polychaetes, amphipods, clitellate worms, ophiuroids and bivalves (Fig. 2 and 3). The mean
total epibenthic abundances of the SBI stations ranged from 16 to 17 jnwitman overall

mean & 71 ind m? and an overall median of 64 indanFollowing the criteria given above,
ophiuroids, holothurians, polychaetes, tunicates and unidentified organisms were identified as
dominant taxa in the SBI (Fig. 2 and 4).

Two-way PERMANOVA analysis showedignificant variability in the structure of the
benthic assemblages (Table 3) both, between methods (MBC, SBI) and among stations.
Furthermore, there was also a significant betwfeetor interaction (Table 3), indicating that

the effect of the MBC and SBvas not the same across all stations. Pairwise comparisons
showed, however, significant differences between MBC and SBI at each station, albeit to a
different degree g values ranged from <0.01 to 0.03). A complimentary SIMPER test
established 80.1 % disnilarity between MBC and SBI abundance values across all stations.
The taxa that contributed ~50 % to this difference were polychaetes, ophiuroids, bivalves,
amphipods, holothurians and clitellate worms (Table 4).

Cluster and SIMPROF analysis distingudhfive groups of MBC stations, and three groups
SBI stations (Fig. 5). A PCA of the weighted variables showed the grouping of MBC stations
was caused almost exclusively by polychaetes, and the SBI station grouping to be mainly
affected by the abundancesophiuroids and holothurians (Table 5; Fig. 6 and 7).

MBC stations were divided into five groups
comprised by just one single station situated in the Filchner Trough at 684 (st 033) and 1111m
depth (st 066). MB@ r oup fAco was comprised of two stat
the western flank of the trough (st 242, 436 m depth), and the deep trough (st 116, 1060 m
dept h) . MBC group fAdo was also comprised by
oo the trough between 798 (st 236) and 1140
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largest group with 10 stations, distributed across the entire FROS in a wide depth range (254
to 1217 m depth). In terms of abundance, all MBC groups were dominateadlymhaetes.

However, the second dominant taxon varied a
Aco, bivalves foll owed polychaetes, in group
in groups fAbo and fico cleecaornldy dloersi sn aanktu nt daaxnotn
were ophiuroids and in group HfHeo, amphi pods
found at stations in group fAeo, foll owed i n
Abo, and fAao.

SBI stations were divided nt o groups fAao, Abo and Aco (Fi
stations 066 and 116, which are | ocated in t

4 stations (033, 040, 098 and 242) located in all three FRO®gidns in water depths of
436to684m. The remaining stations grouped in gr
FROS region and a wide depth range of 254 t

the highest mean abundances, group AbO the
stations with a max. abundance at st. 066 and a very low abundance at st. 116 (Fig. 4). SBI
group fAaodo was dominated by holothurians, gr

dominated by ophiuroids and polychaetes (Fig. 4).

Despite the differences in MBC and SBI station groupings, a RELATE test showed that the
amongstation resemblance pattern in MBC data was significantly correlated with the pattern
found in SBI (Spearman rank correlatigns 0.395,p = 0.01). A first BESTtest using MBC
resembl ances as Afexpl anatoryo matr i X sugges

cirripeds, and holothurians were the taxa #fl
stations (Spearman rank correlatipns 0.604;p = 0.04). A vce-versa BEST test with SBI

resembl ances as Aexpl anatoryo matri X show
unidentified crustaceans, echinoi ds, asterol

the similarity pattern among MBC stations (Spearmaauk correlationy = 0.693;p = 0.02).
DISCUSSION

The total area covered by SBI during our study was two orders of magnitude larger than that
covered by MBC samples. Rumohr (1995) described special features of different seabed
imaging techniques; seabetillsmages cover a range of square centimeters up to square
meters. Although seabed images cover larger areas of seafloor, this method is limited by the
resolution of the images (Rumohr 1995). This lack of high image resolution means that small
organismstend to be ignored and their importance for the community thus remains
underestimated (Sloan et @&003). Examples of such taxa are crustaceans, especially
amphipods, tanaidaceans, small isopods and ostracods, which occur regularly in high
Antarctic shelfcommunities (Gerdes et d992). On the other hand, the MBC with its small
coring areas will underrepresent larger benthic organisms such as e.g. glass sponges. A way to
overcome this problem is the use of giant box corers, which provide just one gbuodrab

larger area (0.25 MAWI 2006).

All data presented and discussed in this paper rely on organism numbers and neglect biomass
estimates, because at the moment we do not have the proxies to calculate biomass from
density and organism size measuresmf SBl. PERMANOVA results showed significant
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differences of abundance values between sampling methods across stations (Table 3). Mean
abundance values obtained from MBC stations were orders of magnitude larger than those
obtained from SBI, although the S&cordings considered two orders of magnitude more sea
floor area. The maximum abundance value derived from the images was 176, wtieneas
comparable low abundance values in quantitative corer samples (237, 104 and 33% ind.m
were found only at tiee deep stations in the Filchner Trough (st 033, 066 and 116,
respectively). The mean abundance per station derived from MBC samples (1,708)ind m
was more than 20 times higher than that obtained from SBI (71 fjnd m

There were distinct differences the dominant taxa. Polychaetes were the most dominant
taxon in the MBC samples, but ranked B SBI. In contrast, ophiuroids were the most
dominant taxon in SBI, but ranked"4n the MBC dominant taxa list (Fig. 2). With the
exception of sedentary palyaetes, the dominant taxa in SBI include groups with medium
mobility (e.g. ophiuroids and holothurians), organisms that are hard to capture with corers due
to their size or patchy distribution (e.g. tunicates), and those that could not be identified.
Unidentified organisms were found in 15 of the SBI stations and only at three MBC stations.
The higher frequency of unidentified organisms found in SBI stations is not surprising when
taking into account how organisms were identified. In SBI stations, organvene identified
directly from each image, which makes it difficult to distinguish small structures needed to
properly identify individuals. Furthermore, in cases where images are out of focus or
suspended particles are present, the task of identifygan@ms is even harder. However, for
MBC stations, organisms are identified in the laboratory by means of a stereomicroscope,
making the identification task easier. MBC dominant taxa included organisms that either live
in the substrate or are smaller tHeem in size. The SIMPER comparison between methods
across stations showed a mix between SBI and MBC dominant taxa to be main contributors to
differences between methods (Table 4).

Piepenburg et al(2002) documented enormous differences in abundance anposiion
between quantitative data derived from MBC and SBI. These differences can be explained by
the suitability of a gear for catching specific benthic components. As already mentioned in the
“Introduction”, corers are effective for collecting infaunaénthos, whereas seabed
photography is better suited to map epifaunal benthos > 1 cm in size. Solar{2€03).
explained the advantages of seabed images for observing epibenthic patterns pointing out that
a fundamental problem remains, because a bigy gfathe softbottom benthos is living
burrowed in the sediment and can thus not be detected. In our study area despite the presence
of drop stones or gravel, the dominant sediment type at all stations wagdiafent, which

can be regarded as normal the high Antarctic Weddell Sea shelf (Diekmann and Kuhn
1999Db).

Combining both methods, we found a total of 43 taxa. Those taxa found exclusively in MBC
samples include organisms living burrowed in the sediment or rather small organisms that are
difficult to identify in images. Taxa exclusively found in SBI were either highly mobile, e.g.
cephalopods and mysids, or they occurred in low abundances as e.g. nudibranchs (only one
individual was found). A fact that stands out is the complementarity of thésrebtained

with both methods, i.e. taxa not or poorly represented in corer samples are better represented
in images, and vice versa. This complementarity of both methods has been pointed out before
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(e.g. Rumohr 1995; Solan et &003) and it is therefe surprising that both methods in
combination are not used more often, since t
coino.

A combination of cluster, SIMPROF and MDS (Fig. 5) showed differences between station
groups obtained from MBC and SBltdaFurthermore, the PCA results clearly showed that
the driving factors for grouping were different, mainly polychaetes in the case of MBC, and
the combination of ophiuroids and holothurians for SBI (Table 5, Fig. 6 and 7). Despite these
differences, th&ELATE test showed that there is a statistically significant similarity between
the distribution patterns of infaunal and epifaunal communities (Spearman rank corrglation;

= 0.395;p < 0.01). This suggests a coupling between both benthic fractions. Such a match of
distribution patterns resulting from both methods is a rather surprising result for two reasons:
a) our study region in the FROS is characterized by a heterogeneous topaghapited by

very different benthic community types (Vo3 1988; Pinbtdz et al. in prep). How
infaunal and epifaunal benthos is affected by environmental gradients and how they respond
to these gradients differs; thus, differences between benthic cempgoare to be expected,;

and, b) a similar approach (Piepenburg et al. 2002) of comparing benthic compartments with
these two methods did not reveal such a match between distribution patterns of Hrsfadnal
epifaunal benthos (RELATE tegt;= 0.286;p = 0.081). Based on these facts and considering
the methods to better describe either infaunal or epifaunal benthic fractions, a mismatch
between patterns would have beampyiori, a logical conclusion.

The match found with the RELATE test generated thesiiue which taxa might play a key

role? In our study we tried to answer this by comparing both MBC and SBI data by means of

a BEST test. When using MBC data as an fdexp
SBIs, a combination of five taxa (flatwosn priapulids, amphipods, cirripeds and

hol ot huri ans) Nnbest explainso the epifaunal
Aexpl anatoryo matrix for the pattern found
(brachiopods, pycnogonids, isopods, uniifeed crustaceans, echinoids, asteroids and
ophiuroi ds) ibest explainso the infaunal b e
explainingo t he- apdadpifaenal menthico distributiord @uwidch ke lused to
optimize mathematical models.g.linear multiple regression, maximum entropy models).

Our study compares quantitative results from MBC and SBI samples. Although inherently
different, they complement each other and future sampling strategies with deployment of both
methods in paralleshould be encouraged. Although traditional sampling with corers or towed
gears resulted in robust descriptions of benthic communities with more focus on quantitative
aspects (e.g. abundances/biomasses) or taxonomical composition, the combination of
guanttative work with corers and seabed imaging methods increases the breadth of the
community elements that can be described at each sampling site. Infaunal and epifaunal
benthos fractions and thus the benthos as a whole can be described in more dettsl. Despi
considering the benthic fractions in different resolution, both methods resulted in similar
distribution patterns. Finally, it is worth mentioning that the combined use of both methods in
the same gear, as the multibox corer in our study, is practicalodmizing required ship

time, and optimizing station grid and expedition planning.
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Tables and corresponding legends

TABLE 1: Benthic stations investigated during Rélarsterncruise PS82 (ANTXXIX/9)
2013/14. Data on fine (clay and silt) and coarse (gravel and sand) sediments from Diekmann
and Kuhn (1999a). Nediottom water densities (kg Hhfrom Schroder and Wisotzki (2014).

PS82 Latitude (S)  Longitude Water Sub-region Coarse Fine Sea water
St. No. (W) Depth (m) sediment sediment density
(%) (%) (sigmar
theta)
033 75°56.83' 31°40.57 684 Filchner 55.95 44.05 27.92
Trough
040 76°03.96' 30°16.83' 472 Eastern 77.82 22.18 27.77
flank
066 77°06.09' 36°34.39' 1111 Filchner 34.34 65.66 27.93
Trough
089 76°59.02' 32°51.05' 254 Eastern 66.18 33.82 27.69
flank
098 77°42.76' 35°55.73' 585 Filchner 58.76 41.24 27.89
Trough
116 77°36.77 38°56.70' 1060 Filchner 28.69 71.31 27.90
Trough
125 75°29.48' 27°24.60' 286 Eastern 86.94 13.06 27.69
flank
154 74°36.53' 28°28.72' 1217 Eastern 20.78 79.22 27.78
flank
163 74°39.94' 28°40.16' 696 Eastern 27.22 72.78 27.76
flank
164 74°53.67' 26°42.48' 290 Eastern 60.63 39.37 27.68
flank
200 74°34.73' 36°23.70' 426 Western 85.43 14.57 27.83
flank
206 74°26.09' 35°43.48' 1140 Western 83.78 16.22 27.88
flank
226 74°21.12' 37°36.14' 554 Western 84.29 15.71 27.82
flank
236 74°13.23' 37°39.67 798 Western 83.87 16.13 27.84
flank
242 74°40.84' 39°04.03' 436 Western 65.39 34.61 27.82
flank
325 74°42.28' 29°48.41' 427 Eastern 46.04 53.96 27.75
flank
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TABLE 2: Occurrence of benthic taxa in seabed images (x) and multibox corer samples (0)
collected at 16 stations during RR6larsterncruise PS82 (ANTIXXIX/9) 2013/14

TAXA / Stations 033 040 066 089 098 116 125 154 163 164 200 206 226 236 242 325

Porifera X 0 X0 0] 0] X0 X0 X0 XO 0 X0 X0 X0 X X0
Stauromedusae X

Hydrozoa 0 [0)'¢ 0] X X X0 X0 X0 X0 X0 X 0 X0
Alcyonacea X X X X X X X X X X X X
Actinaria X X X X X X X X X X
Scleractinia X X X X
Anthozod ) 0 o) 0 ) ) 0 ) ) 0 0 )
Bryozoa X0 X0 0] XO X0 X0 X0 X0 X0 X0 X0 X0 X0
Brachiopoda o] o] X0 o] o]

Sipuncula o o] o] o] o] o] o] o]
Platyhelminthes o] o]

Nemertina 0 o] 0 o] 0 0 o] o] 0 o] o] 0 o]
Priapulida 0 o]
Polyplacophora o] X0

Solenogastres 0] 0] 0] 0] 0] 0] 0] 0]
Bivalvia 0] o] 0] 0 0] 0] 0 0 0] X0 0 0] 0] 0 0 0]
Nudibranchia X

Gastropoda o] o] o] o] X0 X0 o] o] X0 o] o] X0
Scaphopoda o] o] o] o]

Cephalopoda X X
Polychaeta X0 X0 X0 XO X0 X0 X0 X0 X0 X0 X0 X0 X0 X0 X0 X0
Clitellata 0 0 0] 0 0] 0] 0 0 0 0 0 0 0 0 0 0
Echiurida 0

Pantopoda X0 X0 X X X0 0 X0 X0 0 X0 X X X0
Mysida X X X X X X X X X
Amphipoda X X0 X o] o] o] X0 o] X0  XO o] o] X0 X0 X0
Cumacea o] o] o] o] 0 0 o] o] o] o] 0]
Harpacticoida 0 o] o} o] o} o} o] o} o}

Cirripedia o]

Serolidae X X X X X X X X
Isopoda 0] o] 0 0] X 0 0] X0 0 0] 0] 0 0 0]
Tanaidacea o] o] o] o] o] o] o] o] 0 o] 0 o]
Ostracoda o] o] o] 0 0 o] o] o]
Decapoda X X X X X X X X
Crustaceh X X X X X o) X X0 ) X N X
Echinoidea X X X X0 X X X X X0 X X0 X X X X X
Holothuroidea X X X X0 X0 X X0 X0 X0 X0 X X X X X X0
Asteroidea X0 X X X X X0 X X0 X X0 X X
Ophiuroidea X X0 X X0 X0 X0 X0 X0 X0 X0 X0 X0 X0 X0 X0 X0
Crinoidea 0 X X0 X X X0 X0 X0 X X X X X
Hemichordata X0 X0 X

Tunicata X 0 X X X0 X0 X X0 X0 0 X X X0 X0 X
Unidentified X0 X0 X X X X X0 X X X X X X X X

1= unidentified
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TABLE 3: Results of tweway PERMANOVA test of significant differences in the structure
of benthic assemblages investigated at 16 stations durir@dR¥sterncruise PS82 (ANT
XXIX/9) 2013/14, with sampling geamultibox corer samples(BC) and seabed images
(SBI) - as fixed factor and stations as random factor. *Significapad.01

FACTOR PSEUDGF
Fixed: Sampling Gear (MBC 30.7
SBI)
Random: Station (16 levels 57.8
Factor interaction 55.6

TABLE 4: Results of SIMPERnalysisof thecomposition of benthic fauna identified in
multibox corer samples (MBC) and seabed images (SBI) taken at 16 stations during RV
Polarsterncruise PS82 (ANTXXIX/9) 2013/14.

Groups MBC SBI
Average Overall: 54.29 % Overall: 66.17 %
within-group similarity Polychaeta: 37.83 % Ophiuroidea: 35.24 %
Bivalvia: 11.47 % Polychaeta: 14.72 %
Ophiuroidea: 11.05 % Holothuroidea: 9.96 %
Average MBC vs. SBI

betweergroup dissimilarity

Overall: 80.14 %
Polychaeta: 17.52 %
Ophiuroidea: 8.07 %

Bivalvia: 7.78 %
Amphipoda: 6.96 %

Holothuroidea: 6.67 %

Clitellata: 5.38 %

TABLE 5: Results of Principal Component Analysis (PCA) of the weighted abundances of
benthic fauna identified in multibox corer samples (MBC) and seabed images (SBI) collected
at 16 stations during R/Rolarsterncruise PS82 (ANIXXIX/9) 2013/14.

Sampling Principal % Variation Linear coefficient Taxa
Gear Component
MBC PC1 99.5 -0.999 Polychaeta
PC2 0.2 -0.776 Clitellata
SBI PC1 84.3 -0.988 Ophiuroidea
PC2 12.4 -0.988 Holothuroidea
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Figures and correspondingcaptions

35°W 30°W

Fig. 1: Locations of benthos stations in the FilchiRamne Outflow System (FROS) region in
the southern Weddell Sea visited during RPolarstern cruise PS82 (ANIXXIX/9)
2013/14. Bathymetric data from IBCSO (Arndt et al. 2013)
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Fig. 2: Relative abundances (%f dominant benthic taxa identified in a) multibox corer

samples and b) seabed images collected duringFRigrsterncruise PS82 (ANTIXXIX/9)
2013/14.
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Fig. 3: Mean abundance values (ind®jmof dominant benthic taxa found in multibox corer
samples collged during R/VPolarsterncruise PS82 (ANIXXIX/9) 2013/14. Dashed line
represents the overall mean abundance.
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Fig. 4: Mean abundance values (ind’)rof dominant benthic taxa identified in seabed images
collected during R/\Polarsterncruise PS82 (ANIXXIX/9) 2013/14. Dashed line represents
the overall mean abundance.
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Fig. 5: Two-dimensional MDS (multdimensional scaling) plots visualizing the ameng
station resemblance pattern of benthic fauna identified in A) multibox corer samples (MBC)
and B) seabed images (SBI) collected during RMarsterncruise PS82 (ANTXXIX/9)
201314. The pattern is based on betwsétation BrayCurtis similarities calculated from
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Fig. 6: Principal Component Analysis (PCA) of the weighted abundances of benthic taxa
identified in multibox corer samples collected during RPdlarstern cruise PS82 (ANT
XXIX/9) 2013/14. The first two axes (PC1 and PC2) explained 99.5 % and 0.2 %,
respectivelypf the total variance.
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Fig. 7: Principal Component Analysis (PCA) of the weighted abundances of benthic taxa
identified in seabed images collected during RFWlarstern cruise PS82 (ANIXXIX/9)
2013/14. The first two axes (PC1 and PC2) explained 84.8d042.4 %, respectively, of the
total variance.
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BenthosPelags Interconnectivity: Antarctic Shelf Examples
Santiago E.A. PineaMetz"*
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Bremerhaven, Germany
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Abstract This review focuses on studies dealing with the coupling between the benthic and
pelagic realmson Antarctic shelves and on factors that regulate these processes. Sigsh stu

in Antarctic water are scarce, especially on the shelves, where flux studies via moorings are
highly endangered by drifting icebergs. Nevertheless such studies are essential to understand
these processes and functioning of the cold water ecosystetmandnergy is transported
through its different compartments. Different abiotic (currents,-icea water depth,
topography of the seafloor, seasonality) and biotic (composition and structure of the benthic
and pelagic flora and fauna, primary productieertical migrations) factors are presented as
parameters regulating the coupling between benthos and pelagos, here defined as benthos
pelagos interconnectivity. Regional variability in these parameters may result in delayed or
even different coupling anol decoupling of these realms. This is exemplarily discussed
comparing the west Antarctic Peninsula (WAP) and Eastern Weddell Sea Shelf (EWSS).
While in the WAP both compartments appear decoupled, on the EWSS both compartments
appear tightly connected. Thlevelopment of the benthos in the Larsen embayments after the
shelf ice disintegration is described as an example how changes in the pelagic realm affect
and modify also the benthic realm.

Keywords: Benthepelagic coupling, Pelagbenthic coupling, Cadn flux, Weddell Sea
shelf, Antarctic Peninsula shelf
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1 Benthopelagic or Pelagebenthic Coupling? A short Introduction

When thinking of biotic (e.g., diversity, abundance, biomass) and abiotic (e.g., particle
concentration, sediment grain size) parameters of both, benthic and pelagic realms, we start
noticing lines or processes connecting them. One of the first studibssaonnectivity was

that of Hargrave (1973). He pointed out that both realms are connected by the flow of matter,
especially that of carbon. Since that study, this interconnection between benthos and pelagos
has been referred to as bentieagic or pelgo-benthic coupling. While the terms bentho

pelagic and pelagbenthic appear exchangeable, each one alludes to the predominant or
driving component and direction in the coupling (Renaud et al. 2008). In beeldgic

coupling, it is the benthos which miéds or influences the pelagos. Contrastingly, in pelago

benthic coupling it is the pelagos which influences or modifies the benthos. In some literature
benthep el agi ¢ coupling is referr e-tenthiocouplmgisiupwar
referredd o as Adownwardo coupling (e.g., Smi th et

With this review | aim to exemplify in a concise and simple way how beiélagos
interconnectivity, i.e., upward and downward coupling, works in the Southern Ocean with
special focus on Antarctic sti ecosystems (Fig. 1). My second aim is to enableexperts

to get a rough picture of the Antarctic bentpa$agos interconnectivity.

1.1 Pelagebenthic Coupling

The first approaches used to describe the coupling between pelagos and benthos included
measurements of carbon input from the water column to calculate how much of this carbon
was assimilated in the sediment (Hargrave 1973). Currently, studies of downward mass flux
are still the most common type of coupling studies (e.g., Catidiett et al 1999; Smith et

al. 2006, 2008; Isla et al. 2006a, b, 2011). Other approaches to study-ipefdlgic coupling

include recruitment of benthic organisms via meroplanktonic larvae (Bowden 2005), change
of sediment characteristics (Collier et al. 2000; Haetkal. 2012; Isla 2016b), pelagic
characteristics and seasonal patterns and how these affect benthic processes such as feeding
activity (Barnes and Clarke 1995; McClintic et al. 2008; Souster et al. 2018), reproduction
(Pearse et al. 1991; Stanw8linith et al. 1999; Brockington et al. 2001; Galley et al. 2005),
growth rates and carbon fixed by benthos (Dayton 1989; Brey and Clarke 1993; Clarke 2003;
Barnes et al. 2006, 2016, 2018; Barnes 2015), and benthic distribution patterns (Barry 1988;
Barry and Daton 1988; Graf 1989; Bathmann et al. 1991; Gutt et al. 1998; Sumida et al.
2008; Segelkeivoigt et al. 2016; Jansen et al. 2018).

1.2 Benthapelagic Coupling

Less common than pelad¢i@nthic coupling studies are studies that show an effect from the
benthosto the pelagos, i.e., a benthpoe | agi ¢ coupling. One <cl ear
coupling is the regulation of particulate matter flow in the benthic boundary layer by means of
benthic structures (Graf and Rosenberg 1997; Mercuri et al. 2008; Tatiar2@08), another
example for this processes is the increase of abundance and diversity of plankton by the
release of meroplanktonic larvae from benthic organisms into the water (Bowden 2005;
SchnackSchiel and Isla 2005). Benthic processes also creatirfg grounds for birds, seals,

and zooplankton (Arntz 1994; Ligowski 2000; Schmidt et al. 2011), they enhance primary
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production through export of micronutrients from remineralization and consumption/excretion
processes of pelagic communities (Doerin§%,%Smith et al. 2006; Schmidt et al. 2011), and
can regulate the chemical characteristics of the water column (Doering 1989; Sedwick et al.
2000; Tatian et al. 2008).

2 Regulating Factors of Benthic and Pelagic Processes

In general terms, the interconnedly between benthos and pelagos could be regarded as
Aweako or fAstrongo. This alludes to how dir ¢
and viceversa. When seen as a correlation, it would be how strong the correlation between
compartments isThe strength of the coupling between benthos and pelagos depends on
seasonality in both compartments, the ecology and structure of benthic and pelagic
communities, water depth, seafloor topography, water circulation (e.g., tides, currents), and
wind, all dfecting the transport of particles and thus carbon flux from one compartment to the
other. Around the Antarctic continent, another factor playing a major role for the regulation of

this coupling between benthos and pelagos is the influence of ice iffi iyooms (e.g., sea

ice and disintegrated shelf ice, i.e., icebergs).

2.1 Sea Ice

The Southern Ocean is characterized by its large extension-iges&enich covers up to 20 x

10° km? during Austral winter, and 4 x $&m? during summer (Fig. 2), makj seaice
associated ecosystems one of the most dynamic and largest ecosystems on Earth (Arrigo et al.
1997; Thomas and Dieckmann 2002; Michels et al. 2008). The retreat -afesdaring
summer increases the water column stability, seeds summer phigtoplatooms, and works

as a source for micronutrients such as iron (as well as other particles), favouring
phytoplankton blooms and explaining the higher productivity nearceeadges as compared

to open waters (Clarke 1988; Sedwick and DiTullio 199dvwiek et al. 2000; Kang et al.

2001; Donnelly et al. 2006). It has been shown that reduction of th&eseaturation
contributes also to an increase of carbon drawdown by benthic organisms (Barnes 2015).

Seaice starts growing during March to its enormadension in Austral winter. The high
coverage of seme and snow during winter time diminishes the light entering the water
column, thus causing a drastic decrease in local productivity and particle flux (Scharek et al.
1994; Isla et al. 2006a). Howeyeautotrophic plankton entrapped by $ea during its
formation (along with nutrients and consumers) continues primary production in winter time,
which can be 4 to 5 times higher than water column production (Garrison and Close 1993).
While lower than summer production, se&e primary production has been pointed out to
serve as a possible food source for meroplanktonic larvae (Bowden 2005) and various krill
life stages (Nicol 2006; Kohlbach et al. 2017; Schaafsma et al. 2017). These few examples
show howthe seace summer/winter cycle regulates primary and secondary production in the
water column and the particle flux, thus directly influencing the bentbEgos
interconnectivity.

2.2 Depth, Topography, Currents, and Wind

One conspicuous aspect of thetérctic shelf is its depth. While other shelf ecosystems in the
world are shallower (down to around 200 m depth), the isostatic pressure generated by the ice
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cap on the Antarctic continent deepens the surrounding shelf down io60@m and even

down to8007 1000 m in some regions (Gallardo 1987; Smith et al. 2006; Sumida et al.
2008). Smith et al. (2006) pointed out that the increased depth of the Antarctic shelf with its
complex topography and current systems may reduce the strength of the coupling by
increasing the time particles spend in the water column, allowing local characteristics of the
benthic habitat to mask the pelagic signals on the seafloor. However, the effect of depth on
particle receding time in the water column will depend on the eatiuthe particles, e.g., on

their flocculation ability and other environmental factors such as, e.g., wind forcing, which
regulates deposition or advection of particles (biological factors are treated later). For the
Eastern Weddell Sea Shelf (EWSS; Hd\) it has been described that particle flux is rather
fast. Total mass fluxes measured at water and near the seafloor with sediment traps
appeared to be similar, and it has been noted that particles can reach the seafloor within days
despite the long007 600 m depth trip from the euphotic zone to the seafloor (Bathmann et

al. 1991, Isla et al. 2006a, 2009). For the Ross Sea, while Dunbar et al. (1998) recorded mean
settling velocities of 176245 m d' for different types of faecal pellets, DiTulla al. (2000)

found aggregates &thaeocystis antarcticto sink at speeds >200 rit d.e., it could take one

to three days for pellets &haeocystigggregates to reach the seafloor.

The topography of the shelf influences the bentelagos interconnectivity as well.
Topography affects benthic distribution patterns and the transport and deposition of particles
suspended in the water column alike. Dorschel et al. (2014) pointed out that topographic
features such as range hills, mounds, antheaats modify water current pathways and their
strength. Their study of the benthos at Nachtigaller Hill (Fig. 1B) at the tip of the Antarctic
Peninsula described depth as one main factor explaining benthic distribution patterns. They
related this to foochvailability for the benthos, which could have been enhanced by the
topography of Nachtigaller hill. Another topographic feature affecting water currents is the
width of the shelf. Along wider shelves the currents tend to be weaker, stronger currents are
more usual when the shelf is narrow. Gutt et al. (1998) found relatively weaker current
regimes on wider shelves of the EWSS to be beneficial for particle settling, which in turn
benefits deposit feeding organisms. Conversely, the narrower areas off Austas&app
Norvegia (Fig. 1A) on the EWSS generate relatively stronger currents promoting
resuspension of particles and thus being favourable for suspension feeder dominated
community types (Gutt et al. 1998).

Currents, tides, and advection of water param the shelf also play a role in the benthos
pelagos interconnectivity. In some cases they weaken, in others they mask coupling processes
between the compartments. An example can be drawn from the study of Isla et al. (2006b) at
Johnst ondés ,DvharekwatérEdrrgnt inddced)transport and advection of particles
from shallower shelf areas enhance particle flux to deeper parts (Fig. 3). Other studies
conducted in waters of the West Antarctic Peninsula (WAP) found particle flux on the deeper
shelf to be enhanced by advected material originating from shallower shelves. This
allochthonous input weakens the connection between benthic distribution patterns and
metabolism of benthic organisms with primary production and local input of particles
(McClintic et al. 2008; Sumida et al. 2008). Another clear example of the role of currents in
the benthogelagos interconnectivity can be found in McMurdo Sound (Fig. 1C). Barry
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(1988) and Barry and Dayton (1988) found benthic distribution patterns to be coupted wit
primary production regimes and water circulation patterns. Circulation on the eastern side of
McMurdo has a southward direction towards the Ross Ice Shelf and transports productive
waters, which fuel rich benthic communities, whereas on the westerofslteSound, where

less productive waters arrive from the ice shelf, a poorer benthic community is found.

Wind affects directly the benthgmelagos interconnectivity by partly regulating $ea and
polynya formation, se&e displacement, and mixed laydpth. While during winter periods,

cold winds absorb heat from the water surface enhancingcesdarmation, in summer
periods strong winds push away sea forming coastal polynyas (Isla 2016a). Wahdlven
dispersal of the sea ice prior to its majtican prevent local release of algae trapped in the ice
which would normally seed a local bloom (Riebesell et al. 1991). Furthermore, the strength of
wind can also regulate the depth of the mixing layer in both a beneficial and prejudicial way.
Where windsare relatively weaker a shallower mix layer is formed (especially close to the ice
edge). This shallower mix layer can foster larger blooms than deeper mixed layers (Ducklow
et al. 2006). Conversely, in areas where winds are relatively stronger a deepayenis

found. Deeper mixed layers can abruptly interrupt phytoplankton blooms, thus inhibiting
primary production (Gleitz et al. 1994; Dunbar et al. 1998; Ducklow et al. 2006). While the
deepening of the mix layer by wind action appears prejudiciatHe coupling between
pelagos and benthos by reducing primary production and thus its related particle flux, a
deepening of the mix layer due to strong stormy winds has been pointed out to increase total
downward patrticle flux. By means of sediment trajgga et al. (2009) found that strong
stormy winds enhanced the transport of organic matter to the seabed. In their study, the flux
resulting from a storm event which lasted a few days represented 53% of the total mass flux
collected at midvater during geriod of 30 days.

2.3 Seasonality and Particle Flux

It is commonly accepted that the Antarctic benthic realm can be considered as a rather stable
system with little variation in environmental parameters such as temperature, salinity, and
water currentswhereas the pelagic realm is considered as highly seasonal with distinct
summer/winter cycles, especially in primary production andceeaxtension (Gallardo 1987,
Clarke 1988; Bathmann et al. 1991; Scharek et al. 1994; Arntz et al. 1994; Arrigo34a&l. 1
Palanques et al. 2002; Smith et al. 2006; Isla et al. 2009, 2011; Rossi et al. 2013; Flores et al.
2014; Isla 2016b). While the stability of the benthos and instability of the pelagos are
commonly accepted, the intrinsic biotic and abiotic factorbath are highly dependent on

local water mass properties and circulation, and wisda ice and topographic conditions

(e.g., Barry and Dayton 1988; Barthel and Gutt 1992; Gleitz et al. 1994; Dunbar et al. 1998;
Ducklow et al. 2006; Isla et al. 2009; H&uwet al. 2010; Barnes 2015).

2.3.1 Pelagic Realm

Primary production in the water column is key in regulating the flux of particles. Most of the
primary production is proposed to be generated within the seasonet seme, especially in
waters close tahe retreating seme edge, where water column stability and nutrient
concentrations are high. Driven by melting of -e=a these locations also act as seeding
grounds for primary production in the euphotic zone, enabled by releasex sdgae and
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enhanced input of nutrients (Scharek et al. 1994; Sedwick and DiTullio 1997; Sedwick et al.
2000; Arrigo et al. 2008; Bertolin and Schloss 2009; Isla et al. 2009; Isla 2016b). The primary
production in the seasonal sea zone was estimated to be 1,300 Tg'Cof which 420 Tg

C y'are generated in the marginal $eazone, and roughly 5% of production of the seasonal
seaice zone is produced by s&® algae (Lizotte 2001). The importance of primary
production regulating particle fluxes matches with zooktien activities, because
zooplankton quickly reacts to phytoplankton blooms (Flores et al. 2014). Grazing pressure is
one of the main regulators of phytoplankton blooms. Faecal pellets resulting from this grazing
largely contribute and regulate particlaxes (Bathmann et al. 1991; Palanques et al. 2002;

Isla et al. 2009; Rossi et al. 2013), change the chemical composition of these fluxes and their
size structure (Isla 2016b). Summer primary production and zooplanktonic grazing amount
for >95% of the yedy total mass flux. This particle flux provides carbon to the benthos,
which equals between <1 up to 18% of the annual primary production of a region (Bathmann
et al. 1991; Palanques et al. 2002; Isla et at. 2006a, 2009). Although the proportion of carbon
reaching the seafloor appears negligible to low, it is still enough to support biomass rich
benthic communities and to form Afood bankso
2009, 2011), as observed, e.g., on the EWSS, where benthic biomagsasd communities

are mainly constituted by sessile suspension feeders (Gerdes et al. 1992; Gutt and Starmans
1998).

Vertical migration by zooplankton, fish, or diving vertebrates is regarded as a common feature
of aquatic environments, and on an indual level, these provide a tradf between
nutrition and survival (Schmidt et al. 2011). In the context of this review, vertical migration
refers to any causal vertical movement (e.g., foraging expeditions, avoidance of predators).
The benthic realm wis as feeding ground for various vertebrates, thus promoting vertical
migrations. Arntz et al. (1994) pointed out that seals and penguins often dive deep to feed on
benthic invertebrates. Antarctic krlluphausia superbhas also been found to migrateago

to 3000 m depth to either feed on the seabed, or as a result of being satiated (Ligowski 2000;
Tarling and Johnson 2006; Schmidt et al. 2011). While migrating, swimming organisms
release carbon and nutrients in form of faeces. Release of faeces rmsrthios could mean

an extra input of available food for benthic organisms. Conversely, excretion of a mix of
benthic organic material and lithogenic particles in the upper water column would increase the
concentration of labile iron which could enhancenary production (Schmidt et al. 2011).

2.3.2 Deposition and Resuspension

Specific particle composition and flux rates in a region are not just a question of primary
production and associated zooplanktonic activity. They also are affected by local deposition

and resuspension processes. Water currents, especially near the seebete key
environmental factor regulating deposition and resuspension. Another key environmental
factor are icebergs. Iceberg scours change the seabed topography, affect the near seabed
current regime and modify the deposition regime in the area kyitigparticles in the scours

mark (working as a sort of Asedi ment trapo).
wide, several meters deep and 10s of meters or even kilometres long (Gutt 2001; Gerdes et al.
2003). On the other hand iceberg scoums abso enhance resuspension by generating an
upward particle flux (Gutt 2001; Barnes et al. 2018). A recent study on the effect of icebergs
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and sea ice on fAblue carbond (carbon in org:
icebergs larger than 3m? occurred in Antarctica, six of which exceeded 100G kmarea

(Barnes et al. 2018). Initially, any iceberg scour would resuspend already fixed blue carbon

and increase the open water area by breaking and displacing sea ice. The combination of
additioral resuspended material and open water area would result in an increase of primary
production, which in turn would promote benthic growth. As a result, deposition would be
increased not only by the enhanced primary production, but also by the proponimease

of benthic suspension feeder biomass (Barnes et al. 2018).

The studies of Mercuri et al. (2008), Tatian et al. (2008) and Barnes et al. (2016, 2018) are
examples of how benthic organisms affect deposition and resuspensiort, Miaose, and
megdauna as well as marine flora directly affect the sediment erodibility and regulate
sediment mixing, which greatly affects the bentpetagos interconnectivity (Orvain et al.
2012; Queiros et al. 2015). Benthic organisms may decrease sediment roughmessify
bacterial mats or diatom film production, thus reducing the resuspension ability of sediments
(de Jonge and van den Bergs 1987; Grant and Bathmann 1987; Patterson 1989; Self et al.
1989; Delgado et al. 1991; Dade et al 1992; de Jonge and van Beu$eR1). In Antarctic
benthos, hexactinellid sponges exemplify how organisms can reduce resuspension and
enhance deposition. These sponges cement and consolidate sediments, enhance biodiversity
by promoting the immigration of other sponge species, prongfieggyes to other taxa, and
generate spicule mats (Fig. 4), which work as silicon traps (Barthel 1992; Barthel and Gutt
1992; Gutt et al. 2013a). Sponges and other filter feeders collect particles from the water
column, thus enhancing the downward fluxpafrticles and their deposition (Barthel 1992;
Mercuri et al. 2008; Tatian et al. 2008). This biodeposition effect is enhanced by the increase
of biodiversity provided by sponges. Furthermore, spicule mats reduce resuspension by
covering the sediment, thusducing its erodibility. Other structures that enhance deposition
are tube formations (Fig. 4). High density of polychaete tubes could generate an attracting
effect equal to that of baffles in sediment traps, albeit in a reduced area (Frithsen and Doering
1986). Contrastingly, other activities of benthic organisms such as pellet production and
bioturbation with formation of mounds, pits, tubes, and tracks, can change the sediment
structure and enhance particle resuspension (Eckman et al. 1981; Eckmaowaaild1884;
Luckenbach 1986; Davis 1993). Resuspended material tends to be rich in nutrients and
contains also micronutrients such as iron, which could, in shallower shelf areas with
upwelling or those shelf areas where deep mixing occur, enhance sunmaaty groduction
(Doering 1989; Sedwick et al. 2000).

2.3.3 Benthic Realm

The marked seasonal differences in the pelagic realm, especially the reduction of carbon flux
in winter (see Sects. 2.1 and 2.3.1), has been thought to directly regulate bertbssgso

such as reproduction, growth, feeding activity, sexual development, recruitment of juveniles,
and also benthic distribution patterns. However, studies on bestagic and pelagbenthic

coupling in Antarctic waters have shown differences betweethit and pelagic seasonality

to be less important in regulating benthic processes, and that both compartments could be less
coupled than thought, partly due to the effect of currents, lateral advection and tides (see Sect.
2.2). StanwelSmith et al. (199) studied meroplanktonic larvae released by benthic
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organisms and described these larvae to be present throughout the year. In some cases, the
larval peak was clearly decoupled from the summer bloom, and the recruitment of benthic
organisms was describéd occur yearound or with a tendency to happen during winter
months (Bowden 2005; Galley et al. 2005). Similarly, Sumida et al. (2008) found recruitment
of holothurians to occur during winter, but these deposit feeders were actively feeding
throughout he whole year. Measurements of metabolic activity via thorium (Th) isotopes
made by McClintic et al. (2008) confirmed benthos to be metabolically activerouwzal.

Results from the studies of Sumida et al. (2008) and McClintic et al. (2008) condudted in t
WAP agreed with earlier findings made by Barnes and Clarke (1995), who recorded feeding
activities of bryozoans, holothurians, polychaetes, and hydroids at Signy Island (Fig. 1D).
However, Barnes and Clarke (1995) did not find any feeding activity gistiort periods of

time during winter. Similarly, a study conducted at Rothera Point (Fig. 1E) by Brockington et
al. (2001) on the feeding activity and nutritional status of the sea uff@rechinus
neumayeri found this species to completely stop fegdduring winter. In a recent study,
Souster et al. (2018) measured the seasonality of oxygen consumption of five benthic
invertebrates and found the oxygen consumption of suspension and deposit feeders to be
independent from the input provided by the losaimmer flux. It has been proposed that
benthic organisms can feed or be metabolically active-ngeard by changing their feeding
mechanism, as is known for some sponges, polychaetes, bivalves, and cnidarians (Cattaneo
Vietti et al. 1999; Orejas et al. @D).

3 Regional Patterns in Coupling Processes

The interaction between biotic and abiotic factors regulating the bepét@gos
interconnectivity wild/ have direct i mplicat
between realms is, and how changesne of the compartments may affect its counterpart.

When comparing different Antarctic regions we observe differences in flux reguiaitns

the structure of the respective benthic communities. These differences reflect how variable the
strength of the coupling between benthos and pelagos is. To exemplify how coupled or
decoupled systems appear, | compared data obtained in WAP and EM&ES wurthermore,

| include the example of the Larsen area (Fig. 1F) to exemplify how changes in the pelagos
affect and modify the benthos.

3.1 West Antarctic Peninsula

To describe the benthgmlagos interconnectivity on the WAP shelf, | focused anliss

from the Bransfield Strait (Palanques et al. 2002; Isla et al. 2006b), Rothera Point (Souster et

al . 2018) , and those conducted within the f
Continent al Shel fo project ( MECNbBcBeA . C@E8; e . g .
Sumida et al. 2008). All locations are marked in Fig. 1B, E. According to these studies, the
coupling between the pelagic primary production and benthic biological processes in these
areas appears fwe ak oyofMcElinte et ale(2008ywitls Thasotapes, t he
not only showed benthos to be metabolically active the whole year, it also showed that the
delivery of this isotope to the sediment was not related to local downward flux, suggesting
more influence from adveaematerial than from local production. Investigation of the shelf
fauna via video recordings (Sumida et al. 2
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coupling. They found holothurians to recruit during winter, i.e., independently from local food
input Sumida et al. (2008, 2014) also recorded faeces of holothuriasroysat, but with

hints to higher feeding rates during summer, which appears to be the result of better food
quality in this season (Sumida et al. 2014). The study of Souster et al. (30@8)results

partly different to those of Sumida et al. (2008, 2014). Souster et al. (2018) described primary
consumers (suspension and deposit feeders) to maintain a rather stable metabolic activity
yearround, regardless of food input, while secondasgsumers (scavengers and predators)
showed higher metabolic activity during summer than winter. These authors attributed the
seasonal metabolic differences of secondary consumers to be related to better quality of food
items rather than to their quantity.

Studies conducted in the WAP evidence advection of material to be more important than
locally produced patrticle fluxes. Palanques et al. (2002) found a high amount of the sediments
captured by their traps located in the deeper Bransfield Strait (BS}B)do originate from

shallower areas of the BS. The sediment fluxes near the bottom accounted for 18% of the
annual primary production and these fluxes included benthic organisms and particles
resuspended and laterally transported from shallower adjaoess. The study of Isla et al.
(2006b) found that sedi mentation generated I
1B) was comprised mostly of fine sediment. These particles were rich in organic matter, and
nearbottom lateral transport of this resqpended matter was the main source of carbon flux

into deeper basins (Isla et al. 2006b). These evidences suggest the shallow coastal areas of the
WAP to be highly nutritive. Via advection from these shallower areas, the adjacent deeper
basins are providedith organic matter. This material is accumulated and forms green mats

or fifood bankso. These green mats ensure th
production autumn and winter seasons (Smith
b a n kis anlvested material and a dominance of deposit feeders might explain the restricted
meaning of locally generated particle fluxes between pelagic and benthic realms in the WAP
(McClintic et al. 2008; Sumida et al. 2008; Souster et al. 2018).

3.2 Eastern Wealdell Sea Shelf

The AAiweako interconnectivity in the WAP appe
mainly regulated by advection processes from shallower shelves to deeper basins, where
Af ood bankso are for med ( IMsClirstic etdl 2008, Sum@dle 0 6 b ;
et al. 2008). On the EWSS, downward patrticle transport off Austasen and Kapp Norvegia
(Fig. 1A) has been described to be fast (Bathmann et al. 1991; Isla et al. 2009), despite the
relatively stronger currents caused by the maow s hel f . Thi s Afasto
evidenced by a) how sediments quickly reflect the local bloom and its associated
characteristics (Bathmann et al. 1991; Isla et al. 2009), and b) how bottom sediments are
especially nutritive during summer/autumaslél et al. 2011). The efficient transport of carbon

from the pelagic to the benthic realm in combination with the resuspension of particles could
explain the benthic community characteristic on the EWSS. Benthic communities in this
region have been desceitb as rich in sessile suspension feeders, especially glass sponges,
which not only increase diversity by creating thddmensional structures with space for

many other species, but also explain the high biomass of the EWSS benthos, which is higher
than that of other subregions in the Weddell Sea including the tip of the Antarctic Peninsula
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(Table 1; Barthel 1992; Barthel and Gutt 1992; Gerdes et al. 1992; Arntz et al. 1994; Gutt and
Starmans 1998; Safié et al. 2012; Gerdes 2014a, b; S.E.A. Rleedanpulished data).

This high biomass of suspension feeders also influences deposition and sediment cliemistry.
seems feasible that suspended particles are largely consumed by suspension feeders, thus
transforming the chemical composition of these particlelsraducing the amount of organic

carbon remaining for incorporation into the sediment. The efficient local flux patterns in
combination with particle resuspension and high biomass of suspension feeders which benefit
from these conditions, might explain thiest r onger 06 coupl i ng bet wee
realms on the EWSS contrarily to what was found in the WAP region.

3.3 The Changing Situation of Larsen

The Larsen embayments on the eastern coast of the Antarctic Peninsula (Fig. 1F) may serve
as an exampl of how changes in the pelagic system influence benthos. Studies in the
embayments formerly covered by the Larsen A and B ice shelves reflected a shift from an
oligotrophic system to one with enhanced production and flux rates (Safié et al. 2011). Before
the disintegration of the shelf ice in 1995 and 2002, respectively, the shelf benthos appeared
impoverished and in an early developmental stage as compared to the EWSS. Sessile
suspension feeders showed low biomasses and severadakespecies on the shedflected

the oligotrophic conditions resembling the daga (Gutt et al. 2011; Safié et al. 2012; Gerdes
2014a, b). The disintegration of sh&lé created new space offshore for enhanced local
primary production, shifting towards a more eutrophic amdiyctive pelagic realm (Bertolin

and Schloss 2009). Within a relatively short time, this enhanced pelagic production led to a
shift also in the composition of the benthos (Fillinger et al. 2013; Gutt et al. 2013b). Benthos
shifted from an ascidian domirmat to a sponge and ophiuroid dominated fauna. Suspension
feeding ophiuroids were replaced by a more abundant deposit feeding ophiuroid fauna, and
sponges increased twim threefold in terms of abundance and biomass (Fillinger et al 2013;
Gutt et al. 201B).

4 Outlook

Studies on the coupling between the benthic and pelagic realms are difficult approaches with
complex sampling programs, which require similar temporal and spatial scales for drawing
accurate conclusions about coupling processes and theiringefan both compartments
(Raffaelli et al. 2003; Renaud et al. 2008). This review on bemtblagjos interconnectivity
includes attempts to describe regulating factors that connect the benthic and pelagic both
realms.

Based on fdreal dnatbdsinguish detwaen spacHiscouplind processes in
different Antarctic regions. These assumptions are made on only very few studies, which were
not all intended to study the benthmslagos interconnectivity per se but aimed to study
processes indidually. This implies that my hypothetical assumptions need further testing.
This shows also that many gaps remain and filling them will be of paramount importance to
better understand how both realms are connected and how carbon cycling works on Antarctic
shelves.
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There have been a series of attempts to connect the Antarctic benthic and pelagic realms,
reflected (but not restricted) to the works of Barry (1988) Barry and Dayton (1988), Dayton
(1989), Ligowski (2000), Schna¢kchiel and Isla (2005), Barnes al. (2006, 2016, 2018),

Isla (2006a, b), Smith et al. (2006, 2008), McClintic et al. (2008), Mercuri €2@08),

Tatian et al. (2008), Schimdt et al. (2011), Safié et al. (2011, 2012), Barnes (2015), Jansen et
al. (2018), and Souster et al. (2018)mRising attempts to fill regional gaps have also been
made. The FOODBANCS project (Smith et al. 2006, 2008) gives a clear hint of how the
coupling (or decoupling) between benthos and pelagos works in shelves of the WAP. In this
modern age, modelling hasiged great importance. Models on how pelagic particles are
distributed and are related to benthic distribution patterns are starting to be developed (e.qg.,
Jansen et al. 2018). While promising, attempts on modelling and correlating benthic and
pelagic praesses are still in early stages. Other Antarctic areas with a long history of studies
such as the Weddell Sea need the available data to be reviewed, sorted, and used to start
drawing lines between benthic and pelagic realms, as attempted in this rEnvigwirst step

will help to set the course of future studies and point out a red line on how bpethges
interactions could be investigated in different Antarctic regions, which in turn will provide an
excellent tool to understand how the ongoing anetlicted climate change will affect the
Antarctic shelves.

Acknowledgmentsl would like to thank the organizers of the YOUMARES 9 conference for

giving me the opportunity to work not only on this manuscript but also to organize the session
AConnechentmgelt agi ¢ dotso. Al so thanks to Ches
reviewer who took the job of greatly improving this review. | also feel deeply grateful to

Dieter Gerdes, without whom this manuscript would look a lot messier and harder toitead as

is. Many thanks go also to L. Metz, M. Pineda, and H. Costa, who founded part of my work.

Last, but not least, thanks to the staff of the CPT N°704, who helped me to start paying
attention to the full picture some years ago.

References

Arndt JE, Schern&k HW, Jakobsson M et al (2013) The International Bathymetric Chart of the
Southern Ocean (IBCSO) Version 1.0A new bathymetric compilation covering circum
Antarctic water. Geophys Res Lett 40:343117. doi:10.1002/grl.50413

Arntz WE, Brey T, Gallardo VA1994) Antarctic zoobenthos. Oceanogr Mar Biol 32:241
304

Arrigo KR, Worthen DL, Lizotte MP et al (1997) Primary production in Antarctic sea ice.
Science 276(5311):39397. doi:10.1126/science.276.5311.394

Arrigo KR, Worthen DL, Schnell A et al (1998) Rrary production in Southern Ocean
waters. J Geophys Res 103:1589%560. doi:10.1028/1998JC000289

Arrigo KR, van Dijken GL, Bushinsky S (2008) Primary production in the Southern Ocean,
19972006. J Geophys Res 113:C08004. doi:10.1029/2007JC004551

Barnes DKA(2015) Antarctic sea ice losses drive gains in benthic carbon drawdown. Curr
Biol 25:R775R792

52



Manuscript2: BenthosPelagos Interconnectivity

Barnes KA, Clarke A (1995) Feeding activity in Antarctic suspension feeders. Polar Biol
15:335340

Barnes DKA, Webb K, Linse K (2006) Slow growth of Antarctigdzoans increases over 20
years and is anomalously high in 2003. Mar Ecol Prog Ser 314987

Barnes DKA, Ireland L, Hogg OT et al (2016) Why is the South Orkney Island shelf (the
worl dos first high seas mar i netsppt? @Gdb€ltahge d ar €
Biol 22:11101120. doi:10.1111/gcb.13157

Barnes DKA, Fleming A, Sands CJ et al (2018) Icebergs, sea ice, blue carbon and Antarctic
climate feedbacks. Phil Trans R Soc A 376:2017176. doi:10.1098/rsta.2017.0176

Barry JP (1988) Hydrographatterns in McMurdo Sound, Antarctica and their relationship
to local benthic communities. Polar Biol 8:3391

Barry JP, Dayton PK (1988) Current patterns in McMurdo Sound, Antarctica and their
relationship to local biotic communities. Polar Biol 8:36

Barthel D (1992) Do hexactinellids structure Antarctic sponge associations? Ophelia- 36:111
118

Barthel D, Gutt J (1992) Sponge associations in the eastern Weddell Sea. Antarc Sci 4:157
150

Bathmann E, Fischer G, Miller PJ et al (1991) Stewrnh variatons in particulate matter
sedimentation off Kapp Norvegia, Weddell Sea, Antarctica: relation to water mass advection,
ice cover, plankton biomass and feeding activity. Polar Biol 111586

Bertolin ML, Schloss IR (2009) Phytoplankton production aftercbiéapse of the Larsen A
Ice Shelf, Antarctica. Polar Biol 32:143%46. doi:10.1007/s0036W09-638-x

Bowden DA (2005) Seasonality of recruitment in Antarctic sessile marine benthos. Mar Ecol
Prog Ser 297:160118

Brockington S, Clarke A, Chapman ALG (20(8&asonality of feeding and nutritional status
during the austral winter in the Antarctic sea urcBiterechinus neumayerMar Biol
139:127138

Brey T, Clarke A (1993) Population dynamics of marine benthic invertebrates in Antarctic
and subantarctic enwnments: are there unique adaptations? Antarc Sci 5(32@63
doi:10.1017/S0954102093000343

CattaneeVietti R, Chiantore MC, Misic C et al (1999) The role of peldggnthic coupling in
structuring littoral benthic communities at Terra Nova Bay (Ros$ & in the Straits of
Magellan. Sci Mar 63(1):11321

Clarke A (1988) Seasonality in the Antarctic marine environment. Comp Biochem Physiol B
90(3):461473

Clarke A (2003) Costs and consequences of evolutionary temperature adaptation. Trends Ecol
Evol 1§11):573581

53



Manuscript2: BenthosPelagos Interconnectivity

Collier R, Dymond J, Honjo S et al (2000) The vertical flux of biogenic and lithogenic
material in the Ross Sea: Moored sediment trap observations19986 DeegSea Res I
47:34913520

Dade WB, Nowell ARM, Jumars PA (1992) Predicting erosesistance of muds. Mar Geol
105:285297

Davis WR (1993) The role of bioturbation in sediment resuspension and its interaction with
physical shearing. J Exp Mar Biol Ecol 171:187J0

Dayton PK (1989) Interdecadal variation in an Antarctic sponge andretafors from
oceanographic climate shifts. Science 245:11886

de Jonge VN, van den Bergs J (1987) Experiments on the resuspension of estuarine sediments
containing benthic diatoms. Estuar Coastal Shelf Sci 247495

de Jonge VN, van Beusekom JEE (1P%nd- and tideinduced resuspension of sediment
and microphytobenthos from tidal flats in the Ems estuary. Limnol Oceanogr 40/866

Delgado M, de Jonge VN, Peletier H (1991) Experiments on resuspension of natural
microphytobenthos populations. Mar Bif8:321328

DiTullio GR, Grebmeier JM, Arrigo KR et al (2000) Rapid and early expoRlaeocystis
Antarcticablooms in the Ross Sea, Antarctica. Nature 404555

Doering P (1989) On the contribution of the benthos to pelagic production. J Mar Ré& 47:3
383

Donnelly J, Sutton TT, Torres JJ (2006) Distribution and abundance of micronekton and
microzooplankton in the NW Weddell Sea: relation to a springedtge bloom. Polar Biol
29:280293. doi:10.1007/s0036005-005%z

Dorschel B, Gutt J, Piepenburg € al (2014) The influence of the geomorphological and
sedimentological settings on the distribution of epibenthic assemblages on a flat topped hill on
the overdeepened shelf of the western Weddell Sea (Southern Ocean). Biogeosciences
11:379%3817. doi:106194/bg11-37972014

Ducklow HW, Frase W, Karl DM et al (2006) Wateslumn processes in the West Antarctic
Peninsula and the Ross Sea: Interannual variations and foodweb structur&edrpes
53:834852

Dunbar RB, Leventer AR, Mucciarone DA (1998 aWr column sediment fluxes in the Ross
Sea, Antarctica: Atmospheric and sea ice forcing. J Geophys Res 1033rA0L

Eckman JE, Nowell ARM (1984) Boundary skin friction and sediment transport about an
animattube mimic. Sedimentology 31:88b2

Eckman &, Nowell ARM, Jumars PA (1981) Sediment destabilization by animal tubes. J Mar
Res 39:364374

54



Manuscript2: BenthosPelagos Interconnectivity

Fetterer F, Knowles K, Meier W et al (2018) Sea Ice Index, Version3 [February and August
2018]. Boulder, Colorado USA. NSIDC: National Snow and Ice Data Center.
doi:10.7265/N5K072F8. Accessed 11 Oct 2018

Fillinger L, Janussen D, Lundaalv T et al (2013) Rapid glass sponge expansion after climate
induced Antarctic ice shelf collapse. Curr Biol 23:13334. doi:10.1016/j.cub.2013.05.051

Flores H, Hunt BPV, Kruse & al (2014). Seasonal changes in the vertical distribution and
community structure of Antarctic macrozooplaankton and micronekton. -BeapRes |
84:127141

Frithsen JB, Doering PH (1986) Active enhancement of particle removal from the water
column by terdculate benthic polychaetes. Ophelia 25:189

Gallardo VA (1987) The sublittoral macrofaunal benthos of the Antarctic shelf. Environt
International 13:7-B1

Galley EA, Tyler PA, Clarke A et al (2005) Reproductive biology and biochemical
composition of tke brooding echinoidAmphipneustes loriolon the Natarctic continental
shelf. Mar Biol 148:5971. doi:10.1007/s0022005-0069 3

Garrison DL, Close AR (1993) Winter ecology of the sea ice biota in Weddell Sea pack ice.
Mar Ecol Prog Ser 96:131

Gerdes D (2014a) Biomass of macrozoobenthos in surface sediments sampled during
POLARSTERN cruise ANIXXIII/8. Alfred Wegener Institute, Helmholtz Center for Polar

and Marine Research, Bremerhaven, PANGAEA, doi:10.1594/PANGAEA.834054. Accessed
20 Aug 2015

Gerdes D (2014b) Biomass of macrozoobenthos in surface sediments sampled during
POLARSTERN cruise ANIXXVII/3. Alfred Wegener Institute, Helmholtz Center for Polar

and Marine Research, Bremerhaven, PANGAEA, doi:10.1594/PANGAEA.834058. Accessed
20 Aug 2015

Gerdes D, Klages M, Arntz WE et al (1992) Quantitative investigations on macrobenthos
communities of the southeastern Weddell Sea shelf based on multibox corer samples. Polar
Biol 12:291301

Gerdes D, Hilbig B, Montiel A (2003) Impact of iceberg scouriog macrobenthic
communities in the higlntarctic Weddell Sea. Polar Biol 26:23951

Gleitz M, Bathmann EV, Lochte K (1994) Builgh and decline of summer phytoplankton
biomass in the eastern Weddell Sea, Antarctica. Polar Biol 14243

Graf G (1989) Bethic-pelagic coupling in a deegea benthic community. Nature 341:437
439

Graf G, Rosenberg R (1997) Bioresuspension and biodeposition: a review. J Mar Sys 11:269
278

55



Manuscript2: BenthosPelagos Interconnectivity

Grant J, Bathmann EV (1987) Swept away: Resuspension of bacterial mats regulates benthic
pelagic exchange of sulfur. Science 236:2442Z4. doi:10.1126/science.236.4807.1472

Gutt J (2001) On the direct impact of ice on marine benthic communities, a review. Polar Biol
24:553564. doi:10.1007/s003000100262

Gutt J, Starmans A (1998) Structure dmddiversity of megabenthos in the Weddell and
Lazarev Seas (Atarctica): ecological role of physical parameters and biological interactions.
Polar Biol 20:229247

Gutt J, Starmans A, Dieckmann G (1998) Phytodetritus deposited on the Antarctic shelf and
upper slope: its relevance for the benthic system. J Mar Syst 14485

Gutt J, Barrat I, Domack E et al (2011) Biodiversity change after climdteced iceshelf
collapse in the Antarctic. Deepea Res Il 58:783

Gutt J, Béhmer A, Dimmler W (2013a) Antdic sponge spicule mats shape microbenthic
diversity and act as a silicon trap. Mar Ecol Prog Ser 4801510i:10.3354/meps10226

Gutt J, Cape M, Dimmler W et al (2013b) Shifts in Antarctic megabenthic structurécefter
shelf disintegration in the Lags area east of the Antarctic Peninsula. Polar Biol 3698®5
doi: 10.1007/s0036G013-13157

Hargrave BT (1973) Coupling carbon flow through some pelagic and benthic communities. J
Fish Res Board Can 30:131326

Hauck J, Hoppema M, Bellerby RGJ et aD1P) Databased estimation of @wbpogenic
carbon and acidification in the Weddell Sea on a decadal timestafgeophys Res
115:C03004. doi:10.1029/2009JC005479

Hauck J, Gerdes D, HillenbrandT et al (2012)Distribution and mineralogy of carbonate
sedments on Antarctic shelves. J Mar Syst 96877 doi:10.1016/j.marsys.2011.09.005

Isla E (2016a) Environmental controls on sediment composition and particle fluxes over the
Antarctic continent al shel f. [ n :-to-8n& FFluxesc h A,
in Undisturbed Cold Environments. Cambridge University Press, Cambridge, -p1299
doi:10.1017/CB0O9781107705791.017

Isla E (2016b) Organic carbon and biogenic silica in marine sediments in the vicinities of the
Antarctic Peninsula: spatial paths across a climatic gradient. Polar Biol 39:828.
doi:10.1007/s003001518336

Isla E, Gerdes D, Palanques A et al (2006a) Particle fluxes and tides near the continental ice
edge on the eastern Weddell Sea shelf. ERegpRes |1 53:86874

Isla E, Gerdes D, Palanques A et al (2006b) Relationships between Antarctic coastal and
Deepsea patrticle fluxes: implications for the desga benthos. Polar Biol 29:2296

Isla E, Gerdes D, Palanques A et al (2009) Downwarticle flux, wind and a phytoplankton
bloom over a polar continental shelf: A stormy impulse for the biological pump. Mar Geol
259:5972

56



Manuscript2: BenthosPelagos Interconnectivity

Isla E, Gerdes D, Rossi S et al (2011) Biochemical characteristics of Surface sediments on the
Eastern Weddell Seawgtinental shelf, Antarctica: is there any evidence of seasonal patterns?
Polar Biol 34:11251133

Jansen J, Hill NA, Dunstan PK et al (2018) Abundance and richness of key Antarctic seafloor
fauna correlates with modelled food availability. Nat Ecol Ev@ll-80. doi:10.1038/s41559
017-03923

Kang SH, Kang JS, Lee S et al (2001) Antarctic phytoplankton assemblages in the marginal
ice zone of the northwestern Weddell Sea. J Plankton Res 2385233

Kohlbach D, Lange BA, Schaafsma FL et al (2017) Ice apgaduced carbon is critical for
overwintering of Antarctic krill Euphausia superba Front Mar Sci 4:310.
doi:10,3389/fmars.2017.00310

Ligowski R (2000) Benthic feeding by krilEuphausia superb®ana, in coastal waters off
West Antarctica and in AdmiraitBay, South Shetland Islands. Polar Biol 23:6P%

Lizotte MP (2001) The contribution of sea ice algae to Antarctic marine primary production.
Am Zool 41(1):5%73. doi:10.1668/0003569(2001)041[0057:TCOSIA]2.0.CO;2

Luckenbach MR (1986) Sediment stalyilaround animal tubes: The roles of hydrodynamic
processes and biotic activity. Limnol Oceanogr 31:739

McClintic MA, DeMaster DJ, Thomas CJ et al (2008) Testing the FOODBANCS hypothesis:
Seasonal variations in nelaottom particle flux, bioturbation fansity, and deposit feeding
based on #*Th  measurements. De&ea Res Il 55:2428437.
doi:10.1016/j.dsr2.2008.06.003

Mercuri G, Tatian M, Momo F et al (2008) Massive input of terrigenous sediment into Potter
Cove during austral summer and the effectdh@nbivalvelLaternula elliptica a laboratory
experiment. Ber Polar Meeresforsch 571:11%

Michels J, Dieckmann GS, Thomas DN et al (2008) Steonh biogenic particle flux under
late spring sea ice in the western Weddell Sea. 3egpRes Il 55:1024039

Nicol S (2006) Krill, currents, and sea idguphausia superband its changing environment.
BioScience 56(2):13:120

Orejas C, Gile JM, Lépe&onzélez J et al (2001) Feeding strategies and diet composition of
four Antarctic cnidarian species. Polar Bi3:620627. doi:10.1007/s03000100272

Orvain F, Le Hir P, Sauriau-8 et al (2012) Modelling the effects of macrofauna on sediment
transport and bed elevation: Application over a ceigse mudflat profile and model
variation. Estuar Coastal Shelf Sci 1®875. doi:10.1016/j.ecss.2011.12.036

Palanques A, Isla E, Puig P et al (2002) Annual evolution of downward particle fluxes in the
Western Bransfield Strait (Antarctica) during the FRUELA project. B2ep Res 11 49:903
920

57



Manuscript2: BenthosPelagos Interconnectivity

Paterson DM (1989) Sherérm tanges in the erodibility of intertidal cohesive sediments
related to the migratory behaviour of epipelic diatoms. Limnol Oceanogr 32323

Pearse JS, McClintock JB, Bosch | (1991) Reproduction of Antarctic benthic marine
invertebrates: tempos, modesgddiming. Am Zool 31(1):650

Piepenburg D (2016) Seabed photographs taken along OFOS profiles during Polarstern cruise
PS96 (ANTFXXXI/2 FROSN). Alfred Wegener Institute, Helmholtz Center for Polar and
Marine Research, Bremerhaven, PANGAEA, doi:10.1594/BAEA.862097. Accessed 31

Oct 2016

Queirés AN, Stephens N, Cook R et al (2015) Can benthic community structure be used to
predict the process of bioturbation in real ecosystems? Prog Oceanogr 1569559

Raffaelli D, Bell E, Weithoff G et al (2003) The u@sd downs of benthic ecology:
considerations of scale, heterogeneity and surveillance for bemlaigic coupling. J Exp
Mar Biol Ecol 285286:191203. doi:10.1016/S0022981(02)0052:0

Renaud PE, Morata N, Carroll ML et al (2008) Peldgpathic couplingin the western
Barents Sea: Processes and time scales. -Beap Res Il 55:2372380.
doi:10.1016/j.dsr2.2008.05.017

Riebesell U, Schloss |, Smetack V (1991) Aggregation of algae released from melting sea ice:
implications for seeding and sedimentationlaP8&iol 11:239248

Rossi S, Isla E, Martine@arcia A et al (2013) Transfer of seston lipids during a flagellate
bloom from the surface to the benthic community in the Weddell Sea. Sci Mar 77{3D397
doi:10.3989/scimar.03835.30A

Safié E, Isla E, GrémaA et al (2011) Pigments in sediments beneath recently collapsed ice
shelves: the case of Larsen A and B shelves, Antarctic Peninsula. J Sea Rd985:94

Safié E, Isla E, Gerdes D et al (2012) Benthic macrofauna assemblages and biochemical
properties of eadiments in two Antarctic regions differently affected by climate change. Cont
Shelf Res 35:583

Schaafsma FL, Kohlbach D, David C et al (2017) Spaioporal variability in the winter
diet of larval and juvenile Antarctic krilEuphausia superhan ice-covered waters. Mar Ecol
Prog Ser 580:10115. doi:10.3354/meps12309

Scharek R, Smetacek V, Fahrbach E et al (1994 )t/Eimsition from winter to early spring in
the eastern Weddell Sea, Antarctica: Plankton biomass and composition in relation to
hydrography and nutrients. De§ea Res | 41(8):1231250

Schmidt K, Atkinson A, Steigenberger S et al (2011) Seabed foragimgntayctic krill:
Implications for stock assessment, berpietagic coupling, and the vertical transfer of iron.
Limnol Oceanogr 56(4):1411428. doi:10.4317/10.2011.56.4.1411

SchnackSchiel SB, Isla E (2005) Thele of zooplankton in the pelagienthic coupling of
the Southern Ocean. Sci Mar 69(2)=9

58



Manuscript2: BenthosPelagos Interconnectivity

Sedwick PN, DiTullio G (1997) Regulation of algal blooms in Antarctic shelf waters by the
release of iron from melting sea ice. Geophys Res Lett 24(20)}25%IB5

Sedwick P, DiTullio GR, Mackey DJ (2000) Iron and manganese in the Ross Sea, Antarctica:
seasonal iron limitation in Antarctic shelf waters. J Geophys Res 105(C5):11336

Segelkervoigt A, Bracher A, Dorschel B et al (2016) Spatial distribution pagteof
ascidians (Ascidiacea: Tunicata) on the continental shelves off the northern Antarctic
Peninsula. Polar Biol 39:86379. doi:10.1007/s0036016- 1909y

Self RFL, Nowell ARM, Jumars PA (1989) Factors controlling critical shears for deposition
and ero®n of individual grains. Mar Geol 86:18199

Smith CR, Minks S, DeMaster DJ (2006) A synthesis of bep#iagic coupling on the
Antarctic shelf: Food banks, ecosystem inertia and global climate changeSBadpes Il
53:875894. d0i:10.16/j.dsr2.2006.001

Smith CR, Mincks S, DeMaster DJ (2008) The FOODBANCS project: Introduction and
sinking fluxes of organic carbon, chlorophglland phytodetritus on the western Antarctic
Peninsula continental shelf. De8ga Res Il 55:2402414

Souster TA, Morley SAPeck LS (2018). Seasonality of oxygen consumption in five common
Antarctic benthic marine invertebrates. Polar Biol 41(5):808. doi:10.1007/s0036018
22513

StanweltSmith D, Peck LS, Clarke A et al (1999) The distribution, abundance and
seasonality opelagic marine invertebrate larvae in the maritime Antarctic. Philos Trans R
Soc B 354:47484

Sumida PYG, Bernardino AF, Stedall VP et al (2008gmporal changes in benthic
megafaunal abundance and composition across the West Antarctic PeninsulReshélt
from video surveys. Deepea Res |l 55:2468477

Sumida PYG, Smith CR, Bernardino AF et al (2014) Seasonal dynamics of megafauna on the
deep West Antarctic Peninsula shelf in response to variable phytodetrital influx. R Soc Open
Sci 1:140294. doil.1098/rs0s.140294

Tarling GA, Johnson ML (2006) Satiation gives krill that sinking feeling. Curr Biol 16:R83
R84. doi:10.1016/j.cub.2006.01.044

Tatidn M, Mercuri G, Fuentes VL et al (2008) Role of benthic filter feeders in pdiagibic
coupling: assimation, biodeposition and particle flux. Ber Polar Meeresforsch 5741278

Thomas DN, Dieckmann GS (2002) Antarctic seaii@ habitat for extremophiles. Science
295(5555):644644. doi:10.1126/science.1063391

59



Manuscript2: BenthosPelagos Interconnectivity

Tables and corresponding legends

Table 1 Depth ranges and wet weight biomass data (g from multi-box corer samples
collected in four susegions of the Weddell Sea: Tip of the Antarctic Peninsula (TAP),
Larsen embayments (LA), Filchner Region (FR), and Eastern Weddell Sea Shelf (EWSS)
(S.EA. PinedaMetz, unpublished data)

SubRegion Depth Range (mBiomass (gw m™)

Range Mean Mediar
TAP 1871 934 3071 3485 423 223
LA 20271 850 21 786 78 16
FR 25471 1217 17 335 51 24
EWSS 24871 1486 17 103235 4811 134
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Figures and correspondingcaptions

Fig. 1 Map of the Antarctic continent including locations mentioned in the review. A)
Austasen and Kapp Norvegia, EWSS; B) Bransfield Strait and tip of the Antarctic Peninsula;
C) McMurdo Sound, Ross Sea; D) Signey and Orcadas Islands; E) Rothera point and area
studied within the frame of the Food for Benthos on the Antarctic Continental Shelf
(FOODBANCYS) project in the WAP, and; F) Larsen embayments, east coast of the Antarctic
Peninsula. Modified after Arndt et al. (2013)
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Fig. 2 Examples of se&e extension during A) summer (February 2018), and B) winter
(August 2018). Modified after Fetterer et al. (2Q18)

Fig.3Main particle fluxes at mooring sites
studied by Isla et al. (2006)pproximate annual total mass (gFjnorganic carbon (g C )

and biogenic silica (g BSi ). The sketch shows that most particles producedtuife over

the deep shelf (polygons) do not reach mid water; the material settling in the shallower shelf
feeds the deeper shelf via advection. Glacier and floating icebergs deliver coarse and fine
sediments (dense clusters and circles, respectively) onto shallow areas but mostly the latter
reaches the deeper shelf. Near the seabed, resuspension of sedireprésesited by curved
arrows. Modified after Isla et al. (2006b) with permission from Springer
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