Journal Pre-proof =
Marine
Environmental
Research

Antarctic ascidians under increasing sedimentation: physiological thresholds and

ecosystem hysteresis

L. Torre, G. Alurralde, C. Lagger, D. Abele, |.R. Schloss, R. Sahade F Regl M. Sooiove

PII: S0141-1136(21)00033-7

DOI: https://doi.org/10.1016/j.marenvres.2021.105284

Reference: MERE 105284

To appearin:  Marine Environmental Research

Received Date: 5 December 2020
Revised Date: 11 February 2021
Accepted Date: 15 February 2021

Please cite this article as: Torre, L., Alurralde, G., Lagger, C., Abele, D., Schloss, I.R., Sahade, R.,
Antarctic ascidians under increasing sedimentation: physiological thresholds and ecosystem hysteresis,
Marine Environmental Research, https://doi.org/10.1016/j.marenvres.2021.105284.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2021 Published by Elsevier Ltd.


https://doi.org/10.1016/j.marenvres.2021.105284
https://doi.org/10.1016/j.marenvres.2021.105284

Title: Antarctic ascidians under increasing sedimentation: physiological thresholds
and ecosystem hysteresis.

Authors:
Torre, L2™; Alurralde, G*" Lagger, G*® Abele, D% Schloss, I.R:®*" Sahade, R™
Affiliations:

@ Universidad Nacional de Cérdoba, Facultad de CénEixactas, Fisicas y Naturales,
Av. Vélez Sarsfield 299, 5000, Cordoba, Argentina
b Instituto de Diversidad y Ecologia Animal (Conséjiacional de Investigaciones
Cientificas y Técnicas), Cérdoba, Argentina.

¢ Alfred Wegener Institute (AWI), Helmholtz Centrer fBolar and Marine Research.
Bremerhaven, Germany

4 Instituto Antartico Argentino, San Martin, Proviacle Buenos Aires, Argentina
© Centro Austral de Investigaciones Cientificas, @ORI, Ushuaia, Argentina
" Universidad Nacional de Tierra del Fuego, Ushuaigentina

CRediT author statement: LT, RS and DA conceived the ideas and designed
methodology; LT performed samples and data analgset led the writing of the
manuscript; GA: performed sampling and collaboratedlata analysis, RS and CL
collected and analysed population data.; IS: ctdtand analysed environmental data;
All authors participated in discussion and writiegnd gave final approval for

publication.



10

11

12

13

14

15

16

17

18

19

20

21

Title Antarctic ascidians under increasing sedimentation: physiological thresholds and

ecosystem hysteresis.

Authors:

Torre, L*™; Alurralde, G*" Lagger, G*® Abele, D% Schloss, I.R®** Sahade, R
Affiliations:

& Universidad Nacional de Cdérdoba, Facultad de Cénéixactas, Fisicas y Naturales, Av. Vélez
Sarsfield 299, 5000, Cérdoba, Argentina
® Instituto de Diversidad y Ecologia Animal (Cons&jacional de Investigaciones Cientificas y
Técnicas), Cordoba, Argentina.

¢ Alfred Wegener Institute (AWI), Helmholtz Centrer fBolar and Marine Research. Bremerhaven,

Germany

4 Instituto Antartico Argentino, San Martin, Proviacle Buenos Aires, Argentina
® Centro Austral de Investigaciones Cientificas, ®ORTI, Ushuaia, Argentina

" Universidad Nacional de Tierra del Fuego, Ushuaigentina

Corresponding Authors

Instituto de Diversidad y Ecologia Animal (Consdjacional de Investigaciones Cientificas y
Técnicas) - Facultad de Ciencias Exactas, Fisi¢éatyrales, Universidad Nacional de Cérdoba, Av.
Vélez Sarsfield 299 (5000), Cordoba, Argentina.

torreluciana@gmail.com

rsahade@unc.edu.ar




22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

Resear ch data for thisarticle

All raw data generated in this study is depositedd aaccessible at PANGEA,
https://doi.org/10.1594/PANGAEA.925354 (Torre et, &020a). Abundance and densities of
benthic organisms close to the Fourcade glaciemtfad Potter Cove, South Shetland Islands,
Antarctica, from December 2009 to February 2010 ewetaken from PANGAEA,

https://doi.org/10.1594/PANGAEA.879315 (Laggert at, 2017b). Suspended particulate matter

measured on water samples of two stations at PGtiee, King George Island, Western Antarctic
Peninsula (1992-2010) were downloaded from PANGAEA,

https://doi.org/10.1594/PANGAEA.745596 (Schloss,1@0 Ascidians respiration rate under

different TSPM concentration were extracted from NEFEA,

https://doi.org/10.1594/PANGAEA.925202 https://gangaea.de/10.1594/PANGAEA.925202

(Torre et al., 2020b). The rest of the data thapsu the findings of this study are available frim

corresponding author upon reasonable request.

Highlights
e Ascidians gut content amount and quality correlatils TSPM gradient and glacier distance.
e SFG indicates currently suitable growth conditionspite of high TSPM.

e SFGrspmallowed us to identify environmental thresholds awrdlain community changes.
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Abstract

Glacier melting sediment inputs affect coastal gstesns on the Antarctic Peninsula. In Potter
Cove (South Shetland Islands, Antarctica), thetdhifm an “ascidian dominated” to a “mixed”
assemblage has been linked to sedimentation. Howigveecently described newly ice-free areas
ascidians became dominant in spite of total susgeerghrticulate matter (TSPM) concentrations,
which are the highest measured in Potter Covere, we compared the gut content and energy
reserve of three ascidian species at three statiodesr different TSPM regimes. All analyzed species
had a higher gut content with lower %OM at theselpareas. A theoretical relationship between
the scope for growth for the targeted ascidians BBBM explained assemblages' recorded change
but failed to explain current ascidians distribatidhe results may indicate the existence of a TSPM

threshold that allows the spatial coexistence tefrahtive stable states at benthic Potter Covesyst

Keywords: alternative stable states, Antarctica, ascidialagjgr retreat, hysteresis, scope for

growth, sedimentation, suspension feeders.
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1. Introduction

Along the Western Antarctic Peninsula (WAP), glacetreat associated with climate change
is opening newly ice-free areas, available to eobdnprimary production and new benthic
colonisation (Campana et al., 2018; Lagger et24118; Peck et al., 2010; Quartino et al., 2013).
These newly ice-free areas in nearshore regionsteoegly influenced by the seasonal discharge of
inorganic particles washed from land (Dierssen.e2802; Gutt et al., 2015; Kim et al., 2018; Moon
et al., 2015), affecting shallow-water ecosystemgcfioning (Clark et al., 2017; Kim et al., 2021;
Thrush et al., 2004), from population down to t&eel of gene expression (Abele et al., 2017; Torre
et al., 2017). Key planktonic and benthic suspengeders are massively constrained in respiration
and growth and even suffer massive die outs anthdss loss as ¢ consequence of sedimentary
coverage of respiratory organs and body surfacesttee ingestion of lithogenic particles (Dayton et
al., 2016; Fuentes et al., 2016; Pakhomov et QD32 Philipp et al., 2011; Slattery and Bockus,
1997). The inability to move and avoid local stressmditions in space and time renders sessile
Antarctic organisms particularly vulnerable to trgoing rapid Antarctic environmental changes. In
this sense, it has also been hypothesised thaheathtion of TSPM per se could act as a community
shaping factor based on differential sensitivitéseach species present. The most tolerant species
would stand better, changing competitive relatigmshshaping the resulting community even from
the earlier recruitment stages (Clark et al., 20Kra et al., 2021; Krzeminska and Kuklinski, 2018;
Torre et al. 2017). Understanding the extent toctvhtoastal total suspended particulate matter
(TSPM) dynamics affects vital functions and surVieé benthic key species will help to predict
future Antarctic benthic community composition, @ncelucidate ecosystem thresholds (Clark et al.,
2017b; Gardner, 2000; Jansenet al., 2018a; 20B8bkcological threshold is defined by a rapid

non-linear change in ecosystem structure and fomicty connected with changes in the
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environmental conditions. Sudden ecosystem shitsused to determine “threshold values” for
environmental parameters, and to define eventyging points, leading to switching between
alternative stable ecosystem states (Andersen.,e2@)9; Folke et al., 2004; Shelkoe et al. 2015;
Scheffer and Carpenter, 2003). Rapid climate-rdlaeological changes of West Antarctic coastal
ecosystems offer ideal scenarios to get furtheiglims into ecological concepts such as stability,
resilience and sudden shifts (Barnes and Sousbdrd;Dayton et al., 2019; Fillinger et al., 2013;
Gutt et al., 2011; Sahade et al., 2015)

Potter Cove on South Shetland Island is one ob#st investigated glacial coves of the WAP
concerning both the environmental and ecologicahges resulting from glacier retreat (Falk et al.,
2018; Ruckamp et al., 2010; Sahade et al., 2014pSg et al., 2012). As a consequence of summer
glacier melting and discharge on proglacial rivérat transport lithogenic particles from coastal
erosion, forming a shallow sediment admixed fregtbmplume of approximately 5m depth extension
flows toward Maxwell Bay (Meredith et al., 2018)eésFig. 1). The intensity with which these
sediments are deposited within the cove differgigibaacross different sections. Because internal
cyclonic surface current extends residence timethef water mass (Lim et al., 2013), major
deposition of fine particles occurs in the innevearea, next to the glacier (Wolfl et al., 2014).

Between 1994 and 1998, a remarkable reductionarabbundance of some ascidians and the
expansion of an assemblage dominated by pennatbivtsives and some Porifera was observed in
sediment covered areas of the cove (Sahade ePCH5). This sudden shift from an “ascidian
dominated assemblage” to a “mixed assemblage” wssocated with an increase in the
concentration of TSPM (Bers et al., 2013; Schlasslg 2012) and coincided with the rates of
sediment mass accumulation in Maxwell Bay (Moniérale 2011). These two assemblages were

hypothesised to represent alternative stable etmmystates, as the sudden shift in the benthic
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community coincided with a massive sedimentatiorengvin 1995 after which the ascidian
populations did not recover (Sahade et al., 20T8)s interpretation was further supported by
experimental evidence showing that for the sameM $8ncentration, ascidians' energy demand is
higher than other tested suspension feedeaterfula eliptica, Malacobelemnon daytoni), and are
therefore considered more sensitive to this fa@bilipp et al., 2011; Torre et al., 2012). Moreqve
under high TSPM concentrations carbon uptake efiicy is constrained in ascidians, leading to an
energetic deficit that compromises their growth esqgtoduction (Alurralde et al., 2019; Armsworthy
et al., 2001; Torre et al., 2014). Additionally,okagical modelled predictions strongly suggest that
TSPM is a key factor influencing ascidian capatitycolonise and survive, jeopardising long-term
population success (Momo et al., 2008; Torre et28l17). Interestingly, the most TSPM sensitive
ascidians (Torre et al., 2012; 2014) were ablebiandantly colonise a small rocky island (<80 m
long and ~30 m depth) which emerged under theate glacier around the early 2000s, although
they were directly and massively exposed to glaseztiment discharge. Indeed, solitary ascidians
were the dominant macrobenthic group (with 47.174de.) % of coverage and a density of 308.6
(+51.1 s.e.) individuals M) on the steep rocky walls of this island (Laggerak, 2018). It is
therefore essential to understand the actual satgitulnerability of these species and the
community tipping points to effectively contribute a broader ecological debate in the context of
fast and pressing Antarctic environmental chanGest(et al., 2013).

In such challenging environmental conditions, graywon a nearly vertical wall of a recently
ice-free rocky island, could be beneficial for beatsuspension feeders i) because sediment coverage
on the organisms may be less detrimental than fizdmally positioned specimens (Lagger et al.,
2018), ii) the current system in the water columaynibe more effective in surface cleaning, iii)

resuspension of deposited sediments may not rgadlo the midwater position of these animals.
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Nevertheless, this failed to explain the dominaofcascidians on the horizontal substrate provided
by the new areas next to the glacier (Lagger eR@ll7a). Similarly, in highly impacted new icedre
areas within the adjacent Marian Cove (25 de mayg/KGeorge Island, Antarctica), ascidians of
very low sizes reach high abundances as in Potige @Kim et al., 2021). Such growth arrestment
could be due to the scarce organic material thegive and the energy investment on processing
inorganic matter. Therefore, in such a contradictmntext, we aim to understand how the ascidian
species are able not only to survive at high TSPkcentrations (with low organic matter content)
but to dominate pioneering communities in glacedimentation areas. Another question relates to
how they can maintain a positive growth under saténse inorganic sedimentation pressure. Here
we propose the following hypotheses

- Ascidian populations are subjected to differexdisientation pressures along the main axis
of the cove, which are configured by glacier disgea

- Ascidians are in their tolerance range of TSPMcemtrations. Therefore, they are still not
constrained by the current environmental conditions

- TSPM concentrations are currently in the envirental range of ecological hysteresis,
allowing the spatial coexistence of both descriagsemblages.

The aim of this work was first, to determine to wkatent the described summer sediment
inputs from glacier discharge, and consequently itft@ease of TSPM, is affecting the most
conspicuous ascidians species of Potter Cove,ecahdly, how historical TSPM records could have
shaped the ascidian populations within the covedd o, we analysed bulk gut content and energy
reserve of collected specimens of the most conepgascidians species from three sites in Potter
Cove with different estimated sedimentation impaAciditionally, we estimated the scope for growth

(SFG, i.e., the remaining of the energy availabledgrowth beyond that required for maintenance)
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under different TSPM scenarios. Furthermore, weéeteSFG under TSPM historical data and
contrasted it with ascidians biomass data, andudssd the implications of energy limitation on
species abundance and distribution in differendasaied Potter Cove. Our results are discussed in the

frame of the potential existence of alternativéest@f the benthic assemblage system.

2. Materialsand Methods

2.1. Sudy area and animal sampling

Sampling was carried out in Potter Cove, Isla 25Mkeyo/King George Island, South
Shetland Archipelago (S 62°14’, W 58°40’) duringbiemary 2011, using the facilities of the
Argentine-German Dallmann laboratory on the Argesdin Carlini station. Three sampling areas,
known to differ in the intensity of glacial sedimeteposition (Jerosch et al., 2018; Monien et al.,
2017), were chosen: two related to the Long-TereaHmree Areas (LTIFA) historically monitored
stations (Sahade et al., 2015) and one correspgrdithe New Ice-Free Areas (NIFA) recently
described (Lagger et al., 2017a; WOlfl et al., 20Fsg 1). Specifically, the Outer sampling sitatth
corresponds to the LTIFA Outer Station (62° 1&' S; 58° 42’ 48" W) is situated in the Northern
part of the opening toward Maxwell Bay and is cbhtased by the presence of a hard-bottom
substrate and very low TSPM as it receives thewifig water from Maxwell Bay. This station has
only low glacial influence, being considered a mvalier unaffected marine habitat (Jerosch et al.,
2018). The Middle Station correspond to the LTIFAdr Station (62° 134" S; 58° 40’ 06” W) is
characterised by soft-bottom substrate and an nmaeiate sedimentation influence, and it is
currently considered a typical Fjord habitat (Jehost al., 2018). Finally, the Inner station
corresponding to the NIFA Station (62°'23,6' S, 58° 3841,0' W) comprises the rocky island

mentioned above, directly in front of the glacigrhas the highest sedimentation influence being
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considered a meltwater affected Fjord habitat gdreet al., 2018). Detailed information of station

characteristics is summarised in table 1.
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Figure 1: Potter Cove location on Isla 25 de Mayo/King Geotgland, in the northern
Antarctic Peninsula. Sampling station locations iatkcated as Outer, Middle and Inner Stations.
The black area on Potter Cove map correspondetédbrcade Glacier. The white rectangle in the
grey area represents Carlini station location. @olimes mark the boundaries of benthic meltwater
fiord habitats in Potter Cove: meltwater fjord Hab{yellow), fjord (light blue) and maritime (pink
habitats (less influenced by meltwater streamspraieg to Jerosch et al. (2018). Average spatial
distribution of TSPM concentration in the surfacatevs of Potter Cove during summer 2010/2011
(from Monien et al., 2017) is indicated in a broeotour scale.



184 Table 1: Summary characteristic of sampling stations atedP@ove (South Shetland Islands,
185 Antarctica)

Station Inner Middle Outer Source
Distance from 0.24 1.27 4.14
glacier front (km)
Georeference 62°13'23.6"S 62°13'54"S 62°14'10"S
58°38'41"W 58°40'06"W 58°42'48"W
Substrate type Rocky island  Fine and very fine Stone Wolfl et al. (2014)
surrounded by sandt
medium silt
Age (ice-free ~15 years > 60 years > 60 years Wolfl et al. (2016)
exposure)
Sediment 1.14 0.55 0.0855 Monien et al.
Accumulation Rate (2017)
(SAR); g et y*
Nomenclatures - E1l E2 Schloss et al. (2012)
used by other
authors 1z - 0z Garcia et al. (2016)
- Inner Station Outer Station Sahade et al. (2015)
New Ice-Free Areas Long-Term Ice-Free Long-Term Ice-Free Lagger et al.
Areas Areas (2017a)

Habitat type Melt Water Fjord Fjord Marine Jerosthal. (2018)
TSPM 13-315mg [ 5-13 mg L* 0-2.5 mg [* Monien et al.
concentration* (2017)

Solitary ascidians  Cv>Mp>>Ca>Ac** Mp>>>Ac>Ca>Cv* Mp>Cv>>Ca>Ac** Sahade et al. (2015)
dominance * Lagger et al.
relationship (2017a)

186 *Total suspended particulate matter (TSPM) conegioin in the surface waters of Potter Cove duringhmer

187 2010/2011.

188 **Solitary ascidians species consider€utemidocar pa verrucosa (Cv), Molgula pedunculata (Mp), Ascidia challengeri

189 (Ac) andCorella antarctica (Ca).

190

10
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Between ten and fifteen specimens of the most ¢omgps solitary ascidians species were
carefully taken by SCUBA divers from each statior2@ m depth. As many other epibenthic groups
in Antarctica, they can inhabit either hard andt-bottoms. In Potter Cove soft bottoms, these
species' larvae can attach themselves to shelib|gestones and even sand aggregations (Tatian et

al., 1998).

Specimens ofMolgula pedunculata of 52.2+8.29 grams of fresh mass (g fm) (meanzSE)
Cnemidocarpa verrucosa of 121.06+10.55 g fm, an@orella antarctica of 152.28+17.09 g fm were
collected. The chosen species represent erectlatfbim body shapes that respond differently to
sedimentation. Not enough specimendAstidia challengeri were found in the Outer station (even
when they have been thereafter recorded (Sahae 2015)), so we excluded this species from this

part of the analysis. Characteristics of theseispeare summarised in Table 2.

Immediately after collection, each specimen waseatited. Note that before dissection the
intestinal tract (stomach and intestine portionsvedamped at both ends with surgical clamping
forceps to recover its complete content. The tgtalcontent was retrieved by opening one of the
extremes of the digestive tract inside a tube aadihg the content to fall into it. Finally, thener
walls of the digestive tract were rinsed off by mumg Mili-Q water and collected into the same
sample tubeTissue and gut content samples (tunic, mantle,dhahsac, and emptied intestinal

tract) were immediately frozen in liquid nitrogemdastored at-80 °C after dissection.

11



210 Table 2. Summarized characteristic of more conspicuousasglascidian species of Potter Cove
Species Molgula Cnemidocarpav Ascidia Corella Source
pedunculata errucosa challengeri antarctica

Order / Family  Stolidobranchia Stolidobranchia Phlebobranchia / Phlebobranchia Tatian et al.

/ Molgulidae / Styelidae Ascidiidae / Corellidae (1998); Alurralde
et al. @013)
Body shape Cylindrical Pedunculated Laterally Laterally Kott (1969);
flattened flattened Moniot et al.
(2011)
Muscular Scarce Well developed Developed Developed Kott (1969);
development development mostly around  mostly around Moniot et al.
syphons syphons (2011)
Feeding Active filter- Active filter- Active filter- Active filter- Kott (1969);
behavior feeder feeder feeder feeder Moniot et al.
(2011)
Pumping rate 4.8 6.24 4,58 3.55 Kowalke (1998);
(Ld*gdm)*
Squirting nd** TSPM nd nd Kowalke et al.,
behavior dependent (2001);
Torre et al.
(2014)
Standard 3.47 +0.92 5.46 +1.54 2.47 £0.12 nd Torre et al.
Metabolic rate (2012)
(mg G gdrm*
dh)
(mean %
standard error)
Standard 0.057 0.023 nd nd Kowalke et al.
Metabolic rate (2001)
(ml O, g afdrm
1 h-l)
Respiration available available available nd Torre et al.
under TSPM (2012)
Absorption nd 86.05 + 0.07% nd nd Alurralde et al.
efficiency (2019)
Sediment ++++ +++ ++ nd Torre et al.
sensitivity (2012)

12
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220
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224

225
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227

Reproduction Summer Winter Summer nd Sahadect al.

Sahade (1999)

Maximal mass 110.7 227.3 (KJ) 41.4 (KJ) 108.7 (KJ) Kowalke let a

(KJ) (2001)

Maximal age 3.1(y) 3.4 (y) 10.6 (y) 3.5(Y) Kowalke et al.
(2001)

Individual 1.55 1.83 0.59 13 Kowalke et al.

Growth (2001)

performance

*Liters per day per gram of dry mass (C*@ dm)

**Not available data (nd)

2.2. Total gut content analysis
Each gut content sample was dried at 60 °C untiktamt weight (~24-48 hours) and dry
weight was determined in a 0.1-mg precision dedpa@ance (Sartorius AGA230S Gottingen,
Germany). OM content of each sample was deternfilmiving combustion at 450 °C for 5 h to
obtain the ash weight, which was subtracted fropwveiright. To determine %OM, the OM content

was divided by the total dry weight and multipliedy 100.

2.3. Glycogen measurements
Glycogen concentration in the mantle tissue of eadividual was determined following
Kunst et al. (1984) and Keppler and Decker (198#ntle tissue samples (100-200 mg fm) were
ground to a powder in liquid nitrogen. 0.5 mL oé4cold Milli-Q water was added to each sample,
and they were homogenised manually for 30 secondseousing a small glass homogeniser. The
homogenate was heated to 95°C for 10 min to aclpestein denaturation using a water bath. For

the hydrolysis of glycogen to glucose, ahOof the homogenate was mixed with hll0acetate

13
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buffer (0.1 mol, pH 4.8) and 2Q amyloglucosidase (Roche, Mannheim, Germany),iacabated

for 2 h at 40°C in a water bath. The rest of thenbgenate was kept on ice for later determination
of the free glucose concentration. After incubatsamples were centrifuged at 15.000 g for 10 min
at 4 °C in a refrigerated centrifuge (Eppendorf BGL7R, Hamburg, Germany). The supernatant
was collected, and glucose concentration was detedrusing the glucose determination kit (D-
glucose UV test, R-Biopharm, Darmstadt, Germangliowing the manufacturer’s instructions.
The glycogen content was calculated as the difterelpetween the hydrolysed and the non-
hydrolysed subsamples. Glycogen content is expilasseg of glycogen per g of fresh mass (ug g

fm™).

2.4. Scope for Growth (SFG)

The scope for growth (SFG) reflects the overallrgpebalance of an individual. It was
estimated as the difference between the energytadxsdrom the food and the energy expenditure or
consumed due to respiration. A positive SFG redlebe available energy for biomass production
(somatic and reproductive tissue growth) after méeg routine metabolic demands, whereas a
negative SFG reflects an overall loss of energythgy individual (Gardner, 2000; Navarro et al.,
1991). Considering the available data (Alurraldalet2019; Kowalke, 1999; Torre et al.,2012; see
Table 2), ascidians' SFG under different TSPM cotration (SFGspy) Was estimated foM.
pedunculata, C. verrucosa and A. challengeri. As no respiration data under different TSPM
concentration forC. antarctica was available, we assumed challengeri respiration rate to be
representative df. antarctica, since both are similan terms of body shape, standard metabolic rate,
pumping rate and growth performance (Kowalke, 1998yalke et al., 2001), much more tharMo

pedunculata or C. verrucosa (see summary data in Table 3).

14



251 SFGrspm Was estimated as the difference between assinmlg#) and respiration (R) at
252  different TSPM concentrations {4m and Rspu respectively):

253  SFGrspm = Arspm - Rrspw

254  Calculation of SF@spy, Arspwand Rspu(all in J gms d*) follows Widdows and Johnson (1988) as
255 cited by Gardner (2000):

256  ltspm = PRrspmXx POMX 23 J mg1 AFDW

257  Atspm = lrspmX AETspm

258  Rrspy= VO, X 20.33 I mlt O,

259  Ryspmdata ofM. pedunculata, C. verrucosa andA. challengeri individuals was measured at different
260 concentrations of TSPM (Torre et al., 2020b; hitgei.org/10.1594/PANGAEA.925202). tApm

261 calculation was estimated from Ingestion rate fijl &bsorption efficiency (AE). | and AE depend
262  on particle concentration. In the absence of spedéta, Agkspm Of C. verrucosa under different

263  TSPM concentrations estimated from Alurralde e{2019) was assumed for the three species, as no
264  differences in AE for natural seston are obsen@ddifferent ascidians species in Potter Cove
265 (Tatian et al. 2004). Considering that filtratios the most energy-consuming activity for these
266  species under increasing TSPM concentration, spegifmping rate (PR) recorded by Kowalke
267  (1999) was corrected from respiration data undéfergint sediment concentration (Torre et al.,
268  2020Db). In this way we obtain the specific{R,for each species in order to assess thaul The

269 calculation of each parameter and their sourceswarenarised in Table 3.

270 To estimate the possibility of growth and reproductfor these ascidians at low and high sediment
271 impact in Potter Cove, SRgv Was estimated for each species with the maximainser TSPM
272  recorded at 20 m water depth from published dateesi992 in the middle station (Schloss, 2010;

273  https://doi.org/10.1594/PANGAEA.745596) and sin@@2 at the Inner station (Garcia et al., 2016).
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Summer values were chosen because they were mamdati, frequent and representative of TSPM
concentrations (Neder et al., 2020) and also becglazier inorganic sediment discharge occurs in
this warmer period (Shcloss et al., 2012). Addaibn most of the biological parameters considered
for SFG estimation were also evaluated during tharmser season. On the other hand, maximum
recorded values were chosen instead of means abditer represent the most prevalent conditions
at Potter Cove. Bad weather conditions with streigls are a common summer feature (Ruiz Barlet
et al., 2021), which constrain sampling opportesitiThus, it is logical to assume that part of the
story is missing, and mean TSPM records would notii@tely represent the most typical conditions

in Potter Cove.
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283  Table 3: Calculation of each SKHgpy parameter

Parameter Calculation Data Source
SFGrspm (J gms' d?) Atspm - Rrspm This work
Atspy (I gms' d?) Itspy © AE This work
lrspm(L g™ h™) PRrspm (L g ') » POM’ (mg L%) » 233 mg* AFDW  This work
AE -0.27+LN (TSPM(mg LY ) + 1,1124 Alurralde et al. (2019)
Rz =0.9885
PRrspm(L g™ h) PRe(Rrspv/R<) Kowalke (1999);

Torre et al. (2012);
Torre et al. (2020b)

POM’ (mg LY) 1.8191<LN (TSPMmg L)) - 0.383 Alurralde et al. (2019)
R2 = 0.8658
Rrspm (J gms' d*) VO,© (mL 0, g* d?) * 20.33) mL* O, Torre et al. (2012);

Torre et al. (2020b)

284  ®Rsmeans respiration rate at natural seston leveth¢wi added sediment).
285 "POM means particulate organic matter.

286 °VO,means oxygen consumption rate.

287
288 2.5.Dataanalysis

289 Gut content between species and stations was adalysth ANCOVA (Analysis of
290 covariance) with total gut content as dependeniablr and station and species as independent
291 variables. Individual size (fresh weight) was cdesed as a covariable due to its strong correlation
292  with gut content R = 0.69, p<0.0001 for M. pedunculata, R?= 0.73, p= 0.012 for C. verrucosa and

293 R’= 0.72, p= 0.014 for C. antarctica). %OM of total gut content and mantle glycogen teah
294  between species and stations were analysed with \AWN@ith %OM and glycogen content as

295 dependent variables and station and species apendent variables. In the absence of normality,
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data of glycogen content was Legx+1) transformed prior to analysis. Finally, wiecaperformed
an ANOVA to compare SFfgpy of all the species between periods at which mej@nges have
been recorded (pre and post-1995 TSPM peak) inMiaelle and Inner stations. In all cases,
significant differencesp<0.05) were estimated with the Bonferropost-hoc test. All statistical

analyses were performed with Infostat 2016 (Di Reeet al., 2016)

3. Results

3.1. Bulk gut content and energy reserve

Size-dependent total gut content showed differehetseen stations for the three species.
The major significant difference was observed betwsamples from the Inner and the other two
stations for each of the investigated species. et and Middle stationdyl. pedunculata had
significantly lower size-dependent gut content tttaa other two species (Fig. 2a). The %OM had a
clear pattern, increasing with the distance toglaeier in all three species. Furthermore, %OM of
gut content was significantly higher M. pedunculata compared with the other two species at all
stations (Fig. 2b). Mantle glycogen contentMf pedunculata was significantly lower than in the
other two species at each station. A significaffecince of mantle glycogen between stations was
found only forC. antarctica where the glycogen content increased with theadcst to the glacier
(outer > middle> inner cove, Fig. 2c). F apdralues from ANCOVA and ANOVA analysis are

summarized on Table 4.
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316 Table 4. ANCOVA and ANOVA results of total gut content, %QNlycogen content differences

317 between species and Station.

ANCOVA Total gut content F p n
Between stations

M. pedunculata 17.79 <0.0001 29
C. verrucosa 23.72 <0.0001 30
C. antarctica 21.53 <0.0001 29
Size (fresh body mass) <0.05

Between species F p n
Inner Station 33.09 <0.0001 30
Middle Station 16.77 <0.0001 31
Outer Station 7.87 ns* 27
Size (fresh body mass) <0.05

ANOVA % OM F p n
Between stations

M. pedunculata 87.82 <0.0001 29
C. verrucosa 12.85 <0.0001 30
C. antarctica 10.97 <0.0004 29
Between species F p n
Inner Station 11.52 <0.0001 30
Middle Station 18.3 <0.0001 31
Outer Station 40.35 <0.0001 27
ANOVA F p n

M antle glycogen content
Between stations

M. pedunculata 2.67 ns 26
C. verrucosa 1.85 ns 27
C. antarctica 4.286 0.0235 32
Between species F p n
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319

Inner Station 9.4 0.0008
Middle Station 26.89 <0.0001
Outer Station 21.32 <0.0001

*ns means no significant differences

30
31
27

20



320
321

322
323
324
325

326

327

a Inner I Middle [l Outer
E 05
: : 7
5] 0.4 I
: "
o
X ~ 03}
E _§\ - a *
2= 02| a a —
9 = b
E ab
S 0.1 ¢ d e
g i.
O
= 0.0
b 80
*
C
S 60f
IS
[s]
o
E 40 t+ b
% C C
= 20 b b »
=
-8 =8
0

€ 05r

Glycogen concentration
(g gfm™)

b
0.4} ab B
03} ©

a
02l BB

*

01} -
0.0 -

C. antarctica  C. verrucosa M. pedunculata

Figure 2: a) Mass corrected total gut content (g dry mags)y»OM of total gut content and
c) Logio transformed Glycogen mantle conteng @ fm*) of C. antarctica, C. verrucosa andM.
pedunculata at each sampling station in Potter Cove. Diffetetiers show significant differences
between stations by species with the Bonferroni(e0.05). Error bars indicate standard error. *
Show significant differencep€0.001) between species at all statiogdm: grams of dry mass.
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3.2. Scope for Growth under increasing TSPM

The estimated SHgpm for the three ascidians showed an increase at rlov&PM
concentrations up to a maximum value at around @OLth beyond which SF@py decreased at
higher concentrations and became negative betw8eand 60 mg L' TSPM. M. pedunculata
showed a higher SFG at lower and intermediate T$BMentrations, probably due to its higher
filtration rate (Kowalke 1999). Additionally, it peesents together witlR. verrucosa the most
sensitive species as its Sfg@ybecomes negative at lower TSPM (~45+15 g toncentrations
thanA. challengeri (~55+5 mg L) (see Fig. 3)A. challengeri has a higher SFGew than the other
two species only under higher TSPM concentratiamsl its SFGspy also becomes negative at

higher TSPM (Fig. 3).
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SFGrspm estimation with real TSPM data showed that, at maxn TSPM recorded in the
Inner and Middle station, the SFG of the three E3eis positive for most of the measured maximal
summer concentrations from 1993 to 2011 at the Midthtion and between 2009 and 2011 at the
Inner station (Fig. 4 a, b). For 1995, the S&& reached a very high negative value for the three
species when the recorded maximal TSPM was as &8gh62 mg L. It also became slightly
negative forM. pedunculata andC. verrucosa in 2000 and 2006 at the Middle station when reedrd
TSPM was as high as 48 and 46.2 nigrespectively. Comparison of pre and post-1995 T$iekk
at the Middle station was only significantly lowegdter the peak foA. challengeri (ANOVA; F=4.62,
p=0.03) and C. verrucosa (ANOVA; F=5.16, p=0.02). At both considered periods (1992-1994 vs
1996-2011), SF&py means are positive for the three species. Leawungthe 1995 event and
despite the observed year-to-year variability, #seidian SF&spy did not differ significantly

between the Middle and Inner stations.
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Figure4: a) TSPM (mg [1) recorded in the Middle and Inner stations at 20epth form
Schloss (2010) and Garcia et al. (2016) respeytiféle solid black line indicates average summer
values, while the grey shaded area representsittiimmom and maximum values recorded.
Overlapping coloured lines indicaté pedunculata, A. challengeri andC. verrucosa TSPM
thresholds (concentration at which Sfsf@ became negative). b) Estimated S (KJ gdm ')
for M. pedunculata, A. challengeri andC. verrucosa considering maximal summer TSPM
concentration in the Inner and Middle stationsoEhars indicate standard error. c) Biomass (KJ m
%) of M. pedunculata, C. verrucosa, A. challengeri andC. antarctica recorded at the Middle station
in 1994, 1995 and 2010 from Sahade et al. (201&)yathe Inner station in 2010 from Lagger et al.
(2018).gdm: grams of dry mass.

4. Discussion

Our study supported the hypothesis that the madmitf pressure exerted on ascidians by
glacier sediment discharge, agrees with sedimentagtiadient from the head fjord toward the mouth
described by Monien et al. (2017). The negativeatffs higher at the Inner station and decreases

towards the middle and outer stations. The sediatient pattern is reflected in the ascidians bulk gu
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contents and its quality, being highest at the dr8tation with a lower OM fraction and lowest ag th
Outer one with the highest OM fraction. Like thenaey in the coal mine, ascidians may act as
sentinels of sedimentation conditions and livingdisnent traps’ since their gut contents provide
relevant insights on the sedimentation processiesgiing what is reaching the bottom in Potter Cove
(Tatian et al., 2002; Tatidn et al., 2004). As gessuspension-feeders and primary consumers,
ascidians serve as indicators of different aspeicecosystem functioning and spatial heterogeneity
of food sources due to local environment and hydypl(Alurralde et al., 2020; Kim et al., 2021,
Lefebvre et al., 2009). Spring/summer glacier disgh and wind stress set local differences between
the inner and outer part of Potter Cove, as wellets/een surface and deeper waters (Ruiz Barlett et
al., 2021; Schloss et al., 2012). In addition, alale water retention times and stratification doe t
meltwater inflows may dilute food sources or patathistribute them within the fjord (Alurralde et
al., 2020). On the other hand, the observed diffe@s among the species provide insights on species-
specific trophic traits that could determine to goextent the interplay between energy intake and
population abundances. Under increasing TSPM cdratemns, ascidians increased their respiration
rate (and probably their pumping activity) up teeatain concentration after which ascidians down-
regulated their metabolism. Their sensitivity toPMbwas then inversely related to the concentration
they react to, beinlyl. pedunculata more sensitive tha@. verrucosa andA. challengeri (Torre et al.
2012, 2014). There has been some controversy alirgdthe relevance of particle concentration in
regulating ascidians” ingestion rate (Armsworthylet2001; Klumpp, 1984; Petersen and Riisgard,
1992; Petersen et al., 1995). Nevertheless theeew@& summarised by Petersen (2007) have
demonstrated that gut fullness reduces ascidiagesiion rate. The gut contentsMf pedunculata
were always less than the other species, espeaiatlhe Inner station (with the highest TSPM). This

indicates that ingestion is downregulated at IoWw8PM concentration in this species. In a turbid
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environment as Potter Cove, the ability to reguilagestion rate would therefore be an advantageous
trait since it could prevenil. pedunculata from overloading their digestive system. This coul
enable a more efficient food intake strategy, lingtfiltration rates at high TSPM concentrationsl an
more importantly, avoids branchial clogging. Hexevhere sensitivity probably masks a strategy that
allows M. pedunculata to survive and dominate even in areas subjectédteéase sediment regimes
(Kim et al., 2021; Lagger et al., 2017a; 2018).

Just like total gut content reflects the TSPM reggnat each station (Fig.1), the gut content
OM fraction also coincides with the OM distributialong Potter Cove bottom (Monien et al., 2014).
The observed interspecific differences may haveltes from specific branchial sac morphology and
pumping rates, which are thought to determine teterefficiency and ingestion rate in ascidians
(Kowalke, 1999; Petersen and Svane, 2002; Riisgéd Larsen, 2010). Schloss et al. (1999)
postulated that at the bottom-water interfade pedunculata gets better quality food because its
siphons are located some centimeters higher @hantarctica andC. verrucosa, where TSPM has a
higher OM fraction. Nevertheless, the differenagesiphonheights betweeM. pedunculata andC.
verrucosa are markedly lowerC. verrucosa is the only one of the studied ascidians that per$o
squirting, i.e., a rejection reflex happening unkiggh TSPM concentrations (Torre et al., 2014). We
believe, therefore, that this particular reflexdedo the difference observed between species gince
increases with increasing TSPM concentration, ingiingestion rate because of the loss of particles
rejected before the gut passage (Armsworthy et28i01). Not only the amount and quality of
available food, but also the rates of its incorgoraand utilisation in different processes such as
growth, reproduction or environmental stress, woditermine an animal's net energy balance
(Sokolova, 2013; Sokolova et al., 2012). Glycogearie of the primary energy sources described for

ascidians (Ermak, 1977; Gaill, 1980; Torre et 2014) and its accumulation is tightly related te th
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energy balance of each species (Kang et al. 20adreTet al., 2014). As expected, the glycogen
levels measured fo€. antarctica and C. verrucosa are coincident with %OM of gut contents,
reflecting the significant impact that quality foodake has on the energy storage capacity of these
species. However, this was not possible to coratiearnM. pedunculata as glycogen was too scarce
for comparison, probably because it is mostly staremuscles, and mantle muscular fibres which
are poorly developed in this species (Torre e2éi14; Monniot et al., 2011; Kott, 1969).

Placing this snapshot of what summer sedimentagpresents for antarctic ascidians, and
what happened at the population level in a histbigontext, leads us to the second main finding of
our study. After linking sharp changes in megabentissemblages’ structure with sediment
dynamics in Potter Cove, Sahade et al. (2015) stgdedhis could be a case of a sudden shift with
ecosystem hysteresis. The TSPM peak in 1995 waspneted as a critical threshold, but still,
uncertainties remain whether these shifts are sé@veror not. Our estimates confirm that TSPM
level in 1995 far exceeded the ascidians thresfiold the energetic perspective, and represented a
breakpoint in the structuring of benthic assemidagecurring in the Middle Station which
corresponds to older areas within Potter Cove f(reflieas Inner by Sahade et al., 2015). The SFG,
represents the animal net energy balance and m®wd integrative and quantitative assessment of
the animal's energy status under a particular fegime (Gardner, 2000). A negative SFG like the
one described for the 1995's TSPM peak would hamgeld ascidians' survival because of high
respiratory expenditure and low energy absorptidartalde et al., 2019; Torre et al., 2012). Siace
positive SFG is a good predictor of growth potdntize estimation of SFG for a particular species
allows assessing its potential presence, abundanuceival, and reproduction in a given place.
Despite TSPM concentrations remaining higher thefore the perturbation, they did not exceed

ascidians TSPM threshold (concentration from whedich species SFG becomes negative)
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demonstrating that energy provision is still sugator ascidians to thrive. Even so, ascidians were
unable to restore their dominance in older aredsgawadoxically, they dominated the new ice-free

areas. These newer areas in the Inner Station weo®vered many years after the 1995

sedimentation peak, but have been permanently gebj¢o the highest sediment pressure registered
within the cove. At the last benthic photographicvey in Potter Cove in 2010, both states coexisted
(Lagger et al., 2017a; 2018; Sahade et al., 20&Byden Inner and Middle stations. This suggests
that the benthic system in the cove could preskeitnative equilibrium states for similar values of

the environmental condition. Spatial coexistencaltérnative stable states when a system is in the
environmental condition range that allows hystexesie generally described as the result of spatial
or temporal heterogeneity (Shurin et al., 2004 er€fore, the current coexistence of both states may

be the result of spatial and temporal heterogemeifysPM dynamics detailed above (Fig. 5).
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Figure5: Schematic representation of Potter Cove assembtagposition at the Middle and Inner
station since 2010. Equilibrium and hysteresis r@akesed on Scheffer 2001) is shown by a dotted
line and circles indicating states of the Pottev&gystem at different surveys under increasirgj tot
suspended particulate matter (TSPM) concentraliono. stable states are identified: the “ascidian
dominated assemblage” and the “mixed assemblagkinabetween the unstable hysteresis state
where the system could turn to any of the otherstates. The directions of the system change as a
function of TSPM concentration (increasing front [efto right [+]) is indicated with small arrows.
Ascidian specific scope for growth (SFG) threshoklated to TSPM are indicated. The Middle
station composition in the 1994 survey corresporidexh “Ascidian dominated assemblage”. After
the 1995 TSPM peak (system perturbation), whergiass SFG thresholds were exceeded, the
Middle station assemblage turned into a “mixed dage”. In the last survey, ascidian dominated
assemblage dominated the Inner station while txednassemblage dominated the older Middle
station. The irreversibility to the ascidian domethassemblage at the Middle station even when
TSPM has been predominantly lower, and coexistehbeth states is a clear indication of current
system hysteresis.
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Assemblage composition often depends on enviroreheahditions, but also on colonisation
or settlement history (Chase, 2003), as earlyisgtipecies can favour the settlement of a pagticul
assemblage by facilitation process (Kéfi et al1@&0Jrban and De Meester, 2009). In this sense, the
rocky substrate provided by the island in the neetfiee area at the Inner Station represents a
perfect refuge that may allow constant ascidiamlmgsation to the soft-bottoms around it. Species
success is usually assumed to be density-depertaing enhanced at certain population densities
via the Allee effect, but under some circumstandegh-density aggregations can also favour
population success via protection, predation digsmi, food intake facilitation or self-recruitment
(i.e. recruitment of progeny to the parental popokaor patch) (Bruno et al., 2003; Rius et al.,
2017). Density-dependent facilitation processesld;otnerefore generate positive feedback for a
specific assemblage. Several biological processesnaerently species-specific and contribute to
shaping ecosystem functioning (Barnes and Sands))26specially when suspension-feeder species
dominate in abundance (Mermillon-Blondin, 2011; &atne and Thrush, 2020). For instance, the
fine (muddy) sediment substrate prevailing in theer Potter Cove may not be suitable for sessile
epibenthic organisms’ settlement. However, ascglamd other suspension-feeders, act as ecosystem
engineers developing complex three-dimensionaldnagstructures (Gili et al., 2001; Rossi et al.,
2015; Tatian et al., 1998), providing living habitar epibionts, including organisms from their own
species (Rimondino et al.,, 2015). In this way, tlevelopment of clumped patches increases
biodiversity by increasing substrate for colonisatilt also favours reproduction, settlement and
survival, generating a positive feedback to thecitian dominated assemblage” state (Monteiro et
al., 2002). In dense populations, the active feggi@haviour allows ascidians to reach high filtnati

rates (Riisgard et al., 1995) that, along with enaekable retention efficiency, may limit food
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availability for other co-occurring animals (Kowalk1998; 1999; 2000). On the contrary, once a
“mixed assemblage” dominated by epi-infaunal spe@eg.Malacobelemnom daytoni) is settled, the
colonisation area for ascidian gets compromiseck ififiaunal species modify bottom sediment,
altering water-sediment layer dynamics and geoc$ieyniincreasing bioturbation and sediment
accumulation rate favouring their own aggregatiéodo et al., 2006; Mermillod-Blondin, 2011; Tait
et al., 2020). Nevertheless, further investigati@me necessary to detect and evaluate multiple
feedbacks and interactions that may be stabiligiage alternative states.

By austral summer 2020, the current assemblage ataPotter Cove remained the same
described for 2010 sampling survey (Alurralde, ggrsonal communication). In the light of the
results obtained here, it could be possible that @iwarmer summer event could trigger higher
glacier wash out of terrigenous material. This wiltrease TSPM to the point that surpasses the
tolerance threshold of ascidian assemblages aintier station, making the system collapse to the
other equilibrium state of a mixed assemblage. Phegnosis is not trivial if the warming of the
WAP resumes from the current hiatus (Etournead.eP@19), as it appears to be the case after the
extreme temperatures measured in austral summér Edbinson et al., 2020). Extensive fjordic
areas may follow the same trend observed in PGitee, i.e. retreating landward (Meredith et al.,
2018). Furthermore, the new ice-free areas areotlyr getting more relevance on Antarctic blue
carbon estimations, because of their high poterfbal new benthic carbon accumulation and
immobilisation, mainly based on functional groupsnposition (Barnes et al., 2020). Therefore, to
assess the possible presence of thresholds, aiterreguilibrium states and hysteresis in coastal
Antarctic ecosystems is becoming crucial to evaluasponses and potential negative or positive

feedback to the ongoing Global Environmental Change
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Conclusions

Ascidians bulk gut contents reflected the sedintentgattern described in the study area. They can
in fact be considered living ‘sediment traps’ siticeir gut contents provide relevant insights oa th

sedimentation process, witnessing what is reactmadottom. The use of SFG allowed us to detect
the energy thresholds for each analysed specgesstimation corroborated a great energetic deficit
under the historical sedimentation peak, which @d@xplain the recorded assemblage change in the

cove after 1995.

SFGrspv estimation indicates suitable environmental coodg supporting current ascidians

dominance in the new ice-free areas, but it faslsexplain why under the current scenario, the
ascidian assemblage at the cove has not beene@sidiese results may indicate the existence of a
TSPM threshold that allows the spatial coexisteotalternative stable assemblage states at the

benthic Potter Cove system.
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