Vol. 674: 189-202, 2021
https://doi.org/10.3354/meps13821

MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

Published September 16

Interactive efifects of body size and environmental
gradient on the trophic ecology of sea stars in an

Antarctic fjord

Baptiste Le Bourg'3*, Piotr Kuklinski?, Piotr Balazy?, Gilles Lepoint!,
Loic N. Michel'*

'Laboratory of Oceanology, Freshwater, and Oceanic Sciences Unit of Research (FOCUS), Allée du Six Aoit 13,
University of Liege, 4000 Liége, Belgium

Institute of Oceanology, Polish Academy of Sciences (I0 PAN), Sopot 81-712, Poland

3Present address: Aix-Marseille Université et Université de Toulon, Mediterranean Institute of Oceanography (MIO),

CNRS/INSU, IRD, UM 110, Campus universitaire de Luminy, case 901, 13288 Marseille, France

4Present address: liremer, Centre de Bretagne, REM/EEP, Laboratoire Environnement Profond, 29280 Plouzané, France

ABSTRACT: Antarctic sea stars can occupy different trophic niches and display different trophic
levels, but, while the impacts of their body size and environmental features on their trophic niches
are potentially important, they are presently understudied. Here we assessed the trophic ecology
in relation to the size and habitat of sea stars in a fjord on King George Island (South Shetland
Islands) using stable isotope values of carbon (8!3C), nitrogen (8'°N), and sulphur (8%*4S). The disc
radius influenced 8'3C and 8!°N values, whereas more limited changes in §'*C or §**S values were
related to arm length. Specifically, 8!3C and §'°N values were linked to disc radius in generalist
species (Diplasterias brandti and Odontaster validus), which could indicate ontogenetic diet shifts,
while this relationship occurred less frequently in more specialised species (Bathybiaster loripes,
Notasterias bongraini, and Perknaster sladeni). O. validus had a smaller isotopic niche size in the
inner than the outer fjord. The niche overlap between D. brandti and O. validus was low in the
inner fjord. Low resource availability within the fjord, linked to higher turbidity, could induce
trophic niche constriction and interspecific resource segregation. This could represent a mecha-
nism for competition avoidance in a resource-limited system. Conversely, higher resource avail-
ability could allow O. validus to expand and share its isotopic niche with D. brandtiin the outer fjord
with a limited risk of competition. This trophic plasticity will likely influence how O. validus copes
with the present and future modification of environmental conditions induced by climate change.
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1. INTRODUCTION

The trophic ecology of organisms is influenced by
both intrinsic biological features (i.e. life cycle, phys-
iology, morphology, and phylogeny) and environ-
mental constraints (e.g. prey availability and pres-
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ence of competitors). Intrinsic biological features can
include morphological attributes that change during
growth, which induce ontogenetic changes in dietary
habits and influence the range of the trophic niche
(Scharf et al. 2000, Frédérich et al. 2012, Sdnchez-
Hernéndez et al. 2019). The ontogenetic trajectories
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of diet are highly taxon specific. For example, onto-
genetic diet changes may result from metamorpho-
sis, which induces the development and/or regres-
sion of morphological features that allow major
habitat and prey changes (Hourdry et al. 1996, Nunn
et al. 2012, Calado & Leal 2015, Lejeune et al. 2018).
By contrast, the retention of larval traits (i.e. paedo-
morphosis) permits adults to continue to exploit the
same habitat and prey as larvae (Lejeune et al. 2018).
Direct growth from juvenile to adult size is also char-
acterised by ontogenetic dietary shifts in predators,
as their ability to handle larger prey depends on the
size of their feeding structures, which is correlated
with body size (Keppeler & Winemiller 2020). There-
fore, increasing body size can result in the consump-
tion of larger prey (Scharf et al. 2000, Sainte-Marie &
Chabot 2002, Fernandez et al. 2017) and an increase
in trophic position, as larger taxa usually occupy
higher trophic levels in aquatic environments (Pota-
pov et al. 2019).

Ontogenetic diet shifts during direct development
have primarily been studied in aquatic predatory ver-
tebrates, while few studies have been conducted on
invertebrates. However, ontogenetic changes in prey
type (Viherluoto et al. 2000, Sainte-Marie & Chabot
2002) and prey size (Sainte-Marie & Chabot 2002,
Campos & van der Veer 2008) have been observed
within several invertebrate taxa. In particular, onto-
genetic habitat changes and increases in prey diver-
sity (Manzur et al. 2010), mean size, and size range
(Baeta & Ramoén 2013, Fernandez et al. 2017) have
been observed in sea stars. These ontogenetic shifts
may result from specific feeding behaviours and/or
changes in the size of feeding structures rather than
global body size. In particular, disc size influences the
maximum area within which sea stars can feed, as
they do not evert their stomach beyond the edges of
their disc, to prevent it being damaged (Lawrence
2012). Overall, sea stars may provide an adequate
model taxon to study the occurrence and mechanisms
of ontogenetic diet shifts in invertebrates.

Sea stars (Echinodermata, Asteroidea) are a key
group of Southern Ocean benthos (McClintock
1994). Detailed investigations of sea star diets in the
Southern Ocean, although relatively scarce, have
indicated that they belong to different feeding
guilds: suspension or sediment feeders, predators of
mobile or sessile prey, scavengers, and omnivores
(reviewed by Dearborn 1977, McClintock 1994).
Some species consume a wide range of prey types
and sizes, such as Odontaster validus (Pearse 1965,
Dayton et al. 1974), but others are more specialised,
such as Perknaster fuscus, which is known to exclu-

sively consume sponge tissues (Dayton et al. 1974).
Many sea star species co-occur in the coastal Antarc-
tic and are frequently sampled together in food web
function investigations (e.g. Gillies et al. 2012, 2013,
Wing et al. 2012, 2018, Michel et al. 2019). This co-
existence may result in different trophic interactions
depending on habitat characteristics and subsequent
resource availability.

Environmental constraints influencing the trophic
ecology of organisms can include prey availability
(composition and abundance) or the presence of
other organisms with similar trophic ecology that
influence competition intensity. Sufficient prey avail-
ability allows for the consumption of the same prey
type by all organisms without competitive interaction
(Pool et al. 2017, Costa-Pereira et al. 2019). However,
limited resource availability induces changes in
trophic behaviours to limit competition, such as
adding new prey items to the diet, which increases
the range of the trophic niche (optimal foraging;
Stephens & Krebs 1986, Cardona 2001, Svanback &
Bolnick 2007) or, by contrast, causes specialisation
for unshared resources, resulting in niche constric-
tion and partitioning (Schoener 1974, Mason et al.
2008, Juncos et al. 2015, Pool et al. 2017). The global
negative relationship between productivity and the
degree of niche segregation between teleosts in
lakes (Comte et al. 2016) suggests that trophic niche
partitioning in cases of low resource availability is
the most common phenomenon. As a result, niche
overlap theory predicts that niche overlap between
species decreases as the potential for competition
increases (Pianka 1974). Intrinsic biological features
and environmental constraints may also interact in
shaping the trophic niche of organisms, as demon-
strated by the ontogenetic changes of habitat that
may induce changes in the diet, since prey taxo-
nomic composition may differ between areas occu-
pied by juveniles and adults (Frédérich et al. 2012,
Sénchez-Hernéndez et al. 2019).

Polar fjords have spatially variable environmental
conditions because of glacial meltwater inputs. Fur-
thermore, meltwater inputs in the inner fjords pro-
vide high quantities of freshwater and inorganic
suspended matter, resulting in spatial gradients in
temperature, salinity, turbidity, and bottom sediment
characteristics (Munoz & Wellner 2016, Meslard et al.
2018). Freshwater discharge might cause an osmotic
shock to marine taxa, which could be responsible for
removing 15 % of the standing zooplankton biomass
of the fjord. Dead sinking zooplankton constitutes an
important food source for scavenging benthic fauna
(Zajaczkowski & Legezynska 2001). Additionally,
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high turbidity can reduce light transmission to the
sea bottom, dilute organic matter, and clog the feed-
ing structures of suspension feeders (Thrush et al.
2004, Donohue & Garcia Molinos 2009), preventing
the development of photosynthetic and suspension
feeding organisms. This can result in spatial gradi-
ents of primary production (Hoffmann et al. 2019,
Holding et al. 2019) and benthos characteristics
(Wtodarska-Kowalczuk & Pearson 2004, Wiodarska-
Kowalczuk et al. 2005, Sahade et al. 2015), and then
of resource availability. Consequently, fjords provide
an adequate model ecosystem for investigating the
effects of different levels of prey and resource avail-
ability on the trophic interactions between co-occur-
ring organisms.

Stable isotope compositions of carbon (8!3C), nitro-
gen (8°N), and sulphur (8°*S) are commonly used
trophic markers for food web studies to identify the
primary production sources of the food web (with
813C and §*'S values) and trophic levels of organisms
(with 8'°N values; Michener & Kaufman 2007). The
relationship of these stable isotope values with body
size indicates changes in habitat use, resource selec-
tion, and trophic level throughout growth. Similarly,
spatial variations in the stable isotope composition of
an organism may be useful to highlight the use of dif-
ferent resources, especially in sedentary or poorly
motile organisms, such as sea stars, which are often
dependent on the closest or most easily available car-
bon sources. Finally, stable isotopes allow compari-
son of the size and overlap of the isotopic niches (i.e.
as a proxy for trophic niches) of various organisms
(Jackson et al. 2011, Skinner et al. 2019).

In this study, we used stable isotope trophic mark-
ers to investigate how intrinsic and extrinsic factors
drive the trophic ecology of Antarctic sea stars.
Ezcurra Inlet, a fjord in Admiralty Bay, King George
Island (South Shetland Islands), was our model eco-
system, as the turbidity presented a natural gradient
of habitat and resource availability. Specifically, we
focussed on 2 questions: (1) Do ontogenetic diet shifts
occur in Antarctic sea stars, and if so, what drives
them? We hypothesised that such shifts existed as a
result of an increase in body size, as well as an in-
crease in the size of feeding structures. Moreover, we
hypothesised that the feeding guild and behaviour of
the different sea star species could impact the impor-
tance of ontogenetic diet shifts. (2) Can small-scale
habitat variations influence trophic interactions be-
tween sea stars through resource availability and
diversity? We hypothesised that in areas with lower
food availability, sea stars would constrict their
trophic niche and decrease their trophic niche over-

lap. This study aimed to explore how ontogenetic
niche shifts and trophic plasticity could shape Ant-
arctic sea star feeding ecology, influence their role in
coastal food webs, and help them cope with their
rapidly changing environments.

2. MATERIALS AND METHODS
2.1. Study site

The Ezcurra Inlet is part of Admiralty Bay, King
George Island (South Shetland Islands, ca. 62°10'S,
58°33' W; Fig. 1). The Ezcurra Inlet is a fjord with tide-
water glaciers in its inner parts (Braun & Gossmann
2002). Inflows of glacial meltwater from glaciers lead
to decreases in salinity, temperature, and dissolved
organic matter content and increases in pH, dissolved
oxygen content, and inputs of inorganic terrestrial
matter in surface waters in the vicinity of glaciers
(Szafranski & Lipski 1982, Jonasz 1983, Osinska et al.
2021). These surface waters are transported out of the
fjord by wind-generated currents (Pruszak 1980), re-
sulting in suspended inorganic matter concentration,
and thus turbidity, decreasing from the inner to the
outer fjord (Pecherzewski 1980b). Diatom blooms in
summer are prevented by katabatic winds and turbid-
ity but may occur if weak winds allow inflow of
oceanic water into Admiralty Bay (Wasitowska et al.
2015). Low cell numbers, with a significant contribu-
tion of benthic and periphyton species and occasional
occurrence of freshwater diatoms provided by terres-
trial runoff, were observed in Ezcurra Inlet but limited
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Fig. 1. Location of sampling stations in the Ezcurra Inlet,
South Shetland Islands. Sampling stations with sufficient
(n > 5) sample numbers of both Diplasterias brandti and/or
Odontaster validus are shown as open circles; other stations
are represented by filled circles. Ice-covered (light grey)
and ice-free (dark grey) landmasses are also depicted
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changes of phytoplankton abundance, chlorophyll
concentration, and particulate organic carbon were
recorded from the inner to the outer fjords (Pecher-
zewski 1980a, Ligowski 1986, Rakusa-Suszczewski
1995, Wasitowska et al. 2015). However, concentration
of dissolved organic carbon increased from the inner
to the outer fjords (Pecherzewski 1980a). The benthos
characteristics are impacted by turbidity and differ
between the inner and outer fjords. The innermost ar-
eas are characterised by bottom sediments made up
of silt, clay, and mud (Rodrigues et al. 2010, Berbel &
Braga 2014), a poorly diversified benthic fauna with
low biomass dominated by polychaetes (Pabis et al.
2011, Sicinski et al. 2011), and an absence of benthic
vegetation (Zielinski 1990). By contrast, the outer
fjord is characterised by coarser sediment (Rodrigues
et al. 2010, Berbel & Braga 2014) and higher zooben-
thic diversity and biomass, with suspension feeders
being a main component of the benthos (Pabis et al.
2011, Sicinski et al. 2011, Krzeminska & Kuklinski
2018) and a macroalgae community in shallow areas
(Zielinski 1990).

2.2. Sampling and sample preparation

Sea stars were collected (n = 286, 8 species, Table 1)
by scuba divers from 6 to 23 December 2010, at 8 sta-
tions in Ezcurra Inlet, at depths ranging between 6
and 30 m (Fig. 1). Sampled sea stars were fixed with
4% formaldehyde and then stored in 90 % ethanol.
Laboratory work started in 2017. Sea stars were iden-
tified to the species level. For each individual sea
star, the arm length (distance from the mouth to the
tip of the longest arm) and disc radius (distance from
the mouth to the interradial margin, i.e. the point
separating 2 arms) were recorded, and, depending
on the sea star size, one or several arms were sepa-
rated from the central disc to obtain enough material
for stable isotope analyses. Internal organs and podia
were removed from each arm. The arms were then
washed with distilled water and oven dried at 50°C
for 48 h. All samples were then homogenised into
powder using a mixer mill (MM301, Retsch).

2.3. Stable isotope analysis

Carbonates in the endoskeleton are more enriched
in ¥C than other tissue components, and their com-
position is not directly related to diet (DeNiro & Ep-
stein 1978). Consequently, subsamples were exposed
to 37 % hydrochloric acid (HCI) vapour for 48 h to

remove carbonates (Hedges & Stern 1984). The
presence of remaining carbonates was tested with
‘Champagne tests’ (Jaschinski et al. 2008). Namely, a
small amount of the acidified sample was dropped in
HCI. No effervescence resulting from the reaction of
carbonates with HC] was observed, indicating suffi-
cient carbonate removal. Acidified subsamples were
then kept at 60°C until further sample preparation.
They were then precisely weighed (ca. 2.5-3 mg) in
5 x 8 mm tin cups with ca. 3 mg of tungsten trioxide
and analysed with an elemental analyser (vario
MICRO Cube, Elementar) coupled to a continuous-
flow isotope-ratio mass spectrometer (IsoPrimel00,
Elementar). Stable isotope ratios of carbon, nitrogen,
and sulphur were expressed in § notation (§'3C, 8!°N,
and §°!S) and in %. values relative to international
references (Vienna Pee Dee Belemnite for 8'°C, N, in
atmospheric air for §'°N, and Canyon Diablo troilites
for §4S) according to the following formula:

(X / X )sample
(X / X )standard

where X is the heavy isotope (}*C, N, or 3S), xis the
lighter isotope (**C, “N, or *3S), and (X/X)sample and
(X/X)stanaara @re the ratios of both stable isotopes in
the sample and the standard, respectively.

Certified reference materials from the Interna-
tional Atomic Energy Agency (IAEA, Vienna, Aus-
tria), IAEA N-1 (ammonium sulphate; §'°N = 0.4 *
0.2%o), IAEA C-6 (sucrose; 8'3C = -10.8 + 0.5%0), and
IAEA S-1 (silver sulphide; §%*S = —0.3%0) were used
as primary standards. Secondary standards included
sulphanilic acid (Sigma-Aldrich; §*3C = -25.6 + 0.4 %o;
O1°N = -0.1 + 0.4%0; 8%*S = 5.9 + 0.5%0; means * SD)
and 2 sea stars sampled for other research work
(OBC = =21.2 = 0.2%0, 8N = 15.1 = 0.3%o, §*S =
18.2 = 0.5%o for the first sample; 8'3C = —=15.1 + 0.3 %o,
OPN =12.2 + 0.2 %0, 8%*S = 15.5 + 0.4 %o for the second
sample).

Preservation in formaldehyde and ethanol may
induce alterations in stable isotope values that need
to be corrected before data analysis. These impacts
are both taxon (Le Bourg et al. 2020) and tissue spe-
cific (Sweeting et al. 2004). To date, no studies on the
impact of preservation on stable isotope values in tis-
sues of Antarctic sea stars have been conducted.
Consequently, we corrected stable isotope values
using the results of an experiment on the impact of
preservation on stable isotope values of the temper-
ate sea star Marthasterias glacialis (Le Bourg et al.
2020), as it is the most closely related taxon to the
Antarctic sea stars and because stable isotope values
were analysed in the tegument in this experiment as

8 X sample :[ - 1]>< 1000 (1)
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Table 1. Sea star species, number of individuals collected, ranges of the arm length and disc radius, and mean + SD values of carbon (613C), nitro-

>

gen (3°N), and sulphur stable isotope values (8*4S) at each station in the Ezcurra Inlet. NA: not available. Empty cells indicate that sea stars

% of a given species were not found in a given station. For station locations, see Fig. 1
(&)
[
(@] 1 2 3 4 5 6 7 8 All stations
e
"5' Bathybiaster n 8 3 1 12
<E loripes Range arm length (cm) 5.3-8.1 5.4-6.6 8.4 5.3-8.4
Range disc radius (cm) 1.4-1.9 1.3-1.6 2.1 1.3-2.1
d13C (%) -152+1.0 -165+1.3 -14.4 -15.5+1.2
SN (%o) 11.7+0.6 112+14 11.5 11.6+0.8
%S (%o) 15.8+0.9 17.0+0.6 15.2 16.0 = 1.0
Diplasterias n 16 21 6 11 30 18 102
brandti Range arm length (cm) 0.7-10.5 1.2-10.8 1.4-8.0 1.1-8.7 0.9-12.8 0.7-5.7 0.7-12.8
Range disc radius (cm) 0.1-1.4 0.1-0.8 0.1-1.6 0.1-1.2 0.1-1.4 0.1-0.9 0.1-1.6
313C (%) -151+12 -154+08 -155+15 -175+17 -178+13 -174+14 -166+1.7
SN (%o) 9.0+ 0.5 93+04 8.9+0.5 93+04 9.4+0.5 9.0+ 0.6 9.2+0.5
8%4S (%o) 173+08 174+08 174+08 171+06 173+06 17.0+09 172=+0.7
Labidiaster n 2 2
annulatus  Range arm length (cm) NA-21.2 NA-21.2
Range disc radius (cm) NA-2.9 NA-2.9
S13C (%) -21.1+24 -21.1+24
SN (%o) 123+ 1.6 123+ 1.6
8%4S (%o) 17.3+0.8 17.3+0.8
Notasterias n 1 1 6 13 21
bongraini  Range arm length (cm) 10.2 8.9 5.1-6.8 1.2-8.1 1.2-10.2
Range disc radius (cm) 1.9 0.9 0.6-1.0 0.2-1.2 0.2-1.9
S13C (%) -22.1 -22.8 -226+05 -233=x1.1 -23.0+1.0
SN (%o) 8.4 6.6 6.8+ 0.4 7.3+ 0.6 7.1+0.6
%S (%o) 18.9 16.4 18.0+05 17.8+12 178+ 1.0
Odontaster n 2 2
meridionalis Range arm length (cm) 2.1-3.6 2.1-3.6
Range disc radius (cm) 0.9-1.4 0.9-1.4
S13C (%) -21.1x1.5 -21.1+1.5
SN (%o) 9.5+1.2 9.5+1.2
%S (%o) 18.6 +1.8 186+ 1.8
Odontaster n 3 19 1 11 9 62 24 129
validus Range arm length (cm) 2.7-3.6 0.8-3.9 1.2 1.2-4.3 1.4-2.7 0.3-3.9 0.8-4.6 0.3-4.6
Range disc radius (cm) 1.1-1.7 0.2-1.7 0.4 0.4-1.8 0.6-1.4 0.1-1.9 0.2-1.6 0.1-1.9
d13C (%) -144+1.0 -17.0+0.9 -20.5 -171+1.0 -16.1+20 -183=+17 -1723x19 -176+1.8
SN (%o) 10.6 £ 0.9 9.0+04 8.2 9.1+0.5 8.8+0.7 9.4+0.7 9.3+0.7 9.3+0.7
%S (%o) 176+06 17.7+0.8 16.3 181+06 172+08 174+12 173+x13 175=x1.1
Perknaster n 2 15 17
sladeni Range arm length (cm) 1.1-7.5 0.6-3.9 0.6-7.5
Range disc radius (cm) 0.3-1.9 0.1-1.2 0.1-1.9
d3C (%) -19.3+£3.6 -186+15 -18.7+1.7
SN (%o) 94+1.1 92+14 92+13
8%4S (%o) 17.8+0.8 171+14 172=x14
Psilaster n 1 1
charcoti Range arm length (cm) 7.0 7.0
Range disc radius (cm) 1.7 1.7
S13C (%o) -17.7 -17.6
SN (%o) 10.5 10.5
8%S (%o) 16.8 16.8
All species n 8 7 35 24 20 28 107 57 286
Range arm length (cm) 5.3-8.1 2.7-10.2 0.7-10.5 1.2-10.8 1.2-8.9 1.1-8.7 0.3-21.2 0.6-5.7 NA-21.2
Range disc radius (cm) 1.4-1.9 1.1-1.9 0.1-1.7 0.1-2.1 0.1-1.8 0.1-1.9 0.1-2.9 0.1-1.6 0.1-2.9
S13C (%) -152+1.0 -164+29 -162+14 -156+13 -169+20 -182+3.0 -188+23 -176+1.7 -17.7+24
SN (%o) 11.7+0.6 105+ 1.4 9.0+ 0.5 93+0.7 89=x0.7 86+1.1 9.1+1.0 9.2+0.9 92+1.1
8*4S (%o) 158 +0.9 175+08 175+08 172+1.0 178+0.8 174+07 174+10 171+x12 173+1.0

in our current study. Furthermore, this study investi-
gated the long-term impact (2 yr) of preservation on
stable isotope values and reported that stable isotope
values remained stable following the initial change
after 1 mo (formaldehyde) and 9 mo (ethanol) of
preservation. Consequently, we considered it un-
likely that stable isotope values would be further
altered after 7 yr of preservation (this study). 0.2 %o

was added to §'C values to account for the effects of
both formaldehyde (+0.8%.) and ethanol (—0.6%o),
while 1.5% was added to %S values to account for
the effects of formaldehyde. By contrast, no correc-
tion factors were added to §'°N values, as no signifi-
cant impact of formaldehyde and ethanol on §'°N
values were observed in the tegument of M. glacialis
(Le Bourg et al. 2020).
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2.4. Data analysis

All data analyses were performed using R 3.6.0 (R
Core Team 2017).

The species Labidiaster annulatus, Odontaster
meridionalis, and Psilaster charcoti were discarded
from statistical analyses due to their low numbers
(Table 1).

The influences of the species, sampling station,
and the 2 covariates (disc radius and arm length) on
d13C, 8'°N, and §*'S values were assessed using type
IIT analyses of covariance (ANCOVA). First-order
interactions between the factor species and the 2
covariates were included in the models. Non-signifi-
cant interactions were progressively removed from
the models, and post-hoc Scheffé analyses were per-
formed on the station factor. These analyses were
conducted only on Diplasterias brandti and O.
validus and at stations where sufficient numbers (n >
5) of both species were available (i.e. Stns 3, 5, 6, 7,
and 8), as the other species were unevenly sampled
across Ezcurra Inlet. More specifically, Bathybiaster
loripes was sampled in inner Stns 1, 2, and 4, while
Notasterias bongraini was mostly sampled in outer
Stns 6 and 7, and Perknaster sladeni was mostly sam-
pled in outer Stn 8 (Table 1, Fig. 1).

The relationships between stable isotope values
and disc radius and arm length were further assessed
for both D. brandti and/or O. validus, as well as for B.
loripes, N. bongraini, and P. sladeni with Pearson's
correlation coefficients. This analysis was conducted
using data from all sampling stations. However, sig-
nificant differences in stable isotope values between
the sampling stations exclude the possibility of pool-
ing stations to study the relationship between stable
isotope values and size variables. Pooling the sam-
pling stations with different mean stable isotope and
size values results in an increase in variability and
thus an underestimation of the correlation between
stable isotope values and size variables (see Supple-
ment 1 at www.int-res.com/articles/suppl/m674p189
_suppl.pdf). The effect of the sampling station on
stable isotope values and covariates was preliminar-
ily corrected for each species separately. Conse-
quently, for each species, the stable isotope values
and the covariates were mean corrected for each sta-
tion according to the following formula:

cor Xy = X — (Xjk - Xj) (2)
where X is the value of the variable X for the indi-
vidual i belonging to species j at station k. Xj is the
mean of the variable X for all individuals i of species
j at station k. X'] is the mean of the variable X for all

individuals i of species j. Further details are provided
in Supplement 1. Pearson's correlation coefficients
between the mean-corrected variables were then
computed for each species.

For D. brandti and O. validus and at each station
where both species were sufficiently sampled (n = 5),
the size of the isotopic niche was estimated using the
methodology of Skinner et al. (2019) by estimating
the volumes of the standard ellipsoids generated
with 8!3C, 8!°N, and §**S values for each species at
each station. We computed the sample size corrected
standard ellipsoid volume (SEV¢) and used a Bayesian
approach to estimate the standard ellipsoid volume
(SEV), based on 10° successive iterations (SEVy), to
quantify uncertainty in SEV estimates. Relative ellip-
soid overlaps between D. brandti and O. validus
were also computed for each station with a Bayesian
approach as a measure of isotopic niche partitioning
between both species. To do so, ellipsoids were ap-
proximated in 3-dimensional meshes for each itera-
tion. The intersection between the meshes of both
species were then approximated into a third mesh,
which was the overlapping volume between the 2
previous meshes. At each station, the ratio between
the overlapping volume and the ellipsoid volume (i.e.
Overlapg) for a given species indicates which propor-
tion of its isotopic niche is covered by the other spe-
cies. R functions for estimating SEV, SEVg, and
Overlapg are provided in Skinner et al. (2019).

Pairwise comparisons of SEVy and Overlapg be-
tween species for each station and between stations
for each species were performed by calculating the
percentage of the estimated SEV that differed be-
tween each pair of standard ellipses. This percentage
(P) indicates the probability that a given standard
ellipse has a larger or smaller SEV or overlap than
another. If P was lower than 5% or exceeded 95 %,
the probability that 2 ellipses had different SEV or
overlap values was higher than 95 %. In that case, the
differences between the compared SEVs or overlaps
were considered meaningful. A P higher than 50 %
was transformed into (1 — P). The ‘orderPvalue’ func-
tion in the 'agricolae’ package in R (de Mendiburu
2020) was used to order the P and (1 — P) values ac-
cording to the SEVy or Overlapg modes and sort
ellipses in groups of ellipses with a similar SEVy or
Overlapg.

3. RESULTS

The ANCOVA results indicated that 8'*C values
were higher in Diplasterias brandti (-17.0 £ 1.7 %o
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[SD]) than in Odontaster validus (—17.6 + 1.8%o,
Fi 190 = 19.411, p < 0.001). For both species, §'3C val-
ues also differed between sampling stations (Fy 199 =
3.635, p = 0.007) and tended to decrease from the
inner to the outer Ezcurra Inlet. Post hoc analysis
highlighted 4 groups of stations with similar §3C
values. The first group contained inner Stn 3 with
the highest 83C values (-16.2 + 1.4%o, Fig. 1). The
second group contained Stns 5 (-16.5 + 1.4 %.) and 6
(-16.8 = 1.9%0) and had intermediate 8°C values
between inner Stn 3 and outer Stn 8 (-17.3 + 1.7 %o).
The last group contained a southern outer station,
Stn 7, which had the lowest §°C values (-18.1 +
1.6%0). Furthermore, 8'*C values were influenced
more by the disc radius (F; 199 = 28.960, p < 0.001)
than by arm length (F; 190 = 5.970, p = 0.015). More-
over, the interaction of the station with the disc
radius (Fy 190 = 4.965, p < 0.001) and arm length
(Fy100 = 4.192, p = 0.003) influenced §'*C values.
When analysing relationships between 8*C values
and size variables in 5 species, 8'C values
appeared to be linked with disc radius and arm
length in most species but higher slopes were
observed for disc radius than for arm length
(Table 2). D. brandti and O. validus had similar §"°N
values (Fj 108 = 0.229, p = 0.633), and 8'°N values
differed between sampling stations (Fjy 95 = 3.336,
p = 0.011). Nevertheless, the spatial gradient of §!°N
values was less pronounced than for 8'3C values.
The post hoc analysis highlighted 3 groups of sta-
tions, with inner Stn 3 having the lowest §'°N values
(9.0 = 0.5%0) and outer Stn 7 having the highest §'°N

values (9.4 + 0.7 %o; Table 1, Fig. 1), while other sta-
tions displayed intermediate values. The disc radius
also influenced 8'°N values (Fj 05 = 9.348, p
0.003). Station-corrected §'°N values increased with
the station-corrected disc radius for Bathybiaster
Ioripes (2.5%. cm™), D. brandti (0.7%. cm™), and O.
validus (0.7 %o cm™), but no relationship was found
for Notasterias bongraini or Perknaster sladeni
(Table 2a).

8%S values were lower in D. brandti (17.2
0.7%0) than in O. validus (17.5 1.1%o, Fj103 =
6.835, p = 0.010). Sampling station had no effect
on 8“S values (Fy 193 = 1.770, p = 0.136), whereas
arm length had a significant effect on §*'S values
(F1,103 = 4.989, p = 0.027), and the correlation tests
between station-corrected §*!S values and station-
corrected arm length were significant for D.
brandti (0.1%. cm™') and N. bongraini (0.3%. cm™;
Table 2b).

Estimation of SEVy showed that the isotopic niches
of O. validus were larger at 3 outer stations (6, 7, and
8) than at 2 inner stations (3 and 5) and that these
outer niches were larger than those of D. brandti,
which had the same volume from the inner to the
outer Ezcurra Inlet (Figs. 2 & 3a). Isotopic niche over-
lap varied between stations. The overlap was low
at inner Stns 3, 5, and 6 but high at outer Stns 7 and
8 (Figs. 2 & 3b). D. brandti had ca. 72 and ca. 88 % of
its isotopic niche covered by that of O. validus at Stns
7 and 8, respectively. O. validus had ca. 25% of
its isotopic niche covered by that of D. brandti at Stns
7 and 8.

+

+

sea star species in the Ezcurra Inlet

a n Disc radius—§C Disc radius—8"N—— Disc radius—&*S

T P Slope Intercept T P Slope Intercept T P Slope Intercept
Bathybiaster loripes 12 -0.008 0.981 0.612 0.035 2.52 7.5 0.084 0.796
Diplasterias brandti 102 0.288 0.003 1.08 -17.2 0.442 <0.001 0.68 8.8 0.252 0.013  0.55 16.9
Notasterias bongraini 21 -0.415 0.061 -0.264 0.248 -0.175 0.461
Odontaster validus 129 0424 <0.001 1.73 -19.2 0.419 <0.001 0.70 8.6 -0.007 0.938
Perknaster sladeni 17 -0.795 <0.001 -3.44 -174 -0.213 0411 0.238 0.393
b n Arm length—8%C Arm length— 8§ N—— Arm length—§%S

T P Slope Intercept T P Slope Intercept T P Slope Intercept
Bathybiaster loripes 12 -0.023 0.945 0.511 0.089 0.409 0.187
Diplasterias brandti 102 0.229 0.021  0.11 -17.2 0.484 <0.001 0.10 8.7 0.368 <0.001 0.11 16.7
Notasterias bongraini 21 -0.670 0.001 -0.45 -20.3 -0.403 0.070 0.447 0.048 0.33 15.9
Odontaster validus 129  0.387 <0.001 0.72 -19.3 0.372 <0.001 0.28 8.6 -0.015 0.867
Perknaster sladeni 17 -0.727 0.001 -0.87 -17.3 -0.138 0.598 0.294  0.287




Author copy

Mar Ecol Prog Ser 674: 189-202, 2021

196
a) Station 3 b) Station 5
1 F 11
O
—10
c e %z
L ‘ o
o
— 8
g |
20
T
o“ﬁ 164 — 7
@ -12
=12 1g 16 14 2
10 22 i 10 _ 22
= W24 5"C (%o) = 724 5"C (%o)
c) Station 6 d) Station 7
1 ’*11 i 1 11
(O Ne}
o
- e} |
o 10 10
o ol I
y < T o o) ™ =
&£ e &£
= Gy ~ 95
o £ = I £
41— 10 B o
O O O
20
0\21(:86 a\1186
& 14 A 3L ;
~ 12 16 -14 -12 12 16 -14 -12
'_5/ 10 24 22 i 1;8 SO/ 10 24 22 -20 1;8
E 8"°C (%o) 3 86"°C (%o)
e) Station 8
F— 11
o)
o
—10
(@)
] -
=
© - 9=
L1+ 10— K
o o ©
(I I~ 8
20 Fig. 2. Individual stable isotope values and the resulting iso-
18 g g
o\ 16 L topic niches of Diplasterias brandti (red) and Odontaster
3’; 14 7 validus (black) at sampling stations 3, 5, 6, 7, and 8 of the
~ 12 16 14 -12 Ezcurra Inlet. For station locations, see Fig. 1. Interactive plots
2 10 24 22 -20 1318 o are available in Supplement 2 at www.int-res.com/articles/
67C (%) suppl/m674p189_supp/


https://www.int-res.com/articles/suppl/m674p189_supp/
https://www.int-res.com/articles/suppl/m674p189_supp/

Author copy

SEVg (%)

Le Bourg et al.: Changes in sea star trophic ecology 197

12.0+ a

ab

9.0
bc

a

TN PR

stars to handle larger prey throughout
a growth, resulting in the consumption
of small prey by smaller sea stars and
the consumption of larger (Baeta &
Ramén 2013, Fernandez et al. 2017)
and/or more carnivorous (Himmelman
& Dutil 1991) prey by larger indivi-
duals. Finally, the S values corre-
lated with arm length in Diplasterias

eo8iite

brandti but not in Odontaster validus

Overlapg (%)

despite the ANCOVA results high-
lighting the relationship between arm
length and &%*S values. Consequently,
the relationship between stable iso-
tope values and arm length is likely
less informative than the relationship
with the disc radius. %S are usually
used in studies on marine food webs to
refine the discrimination between pri-

Station

Fig. 3. Density plots depicting the Bayesian estimation of the standard ellip-

soid (a) volumes (SEVg) and (b) overlap for Diplasterias brandti (red) and

Odontaster validus (black) at sampling stations 3, 5, 6, 7, and 8 in the Ezcurra

Inlet. Black dots are the modes. Shaded boxes represent the 50, 75, and 95 %

confidence intervals. White triangles are standard ellipsoid volumes corrected

for sample size (SEV(). Letters over density boxes are groups of ellipses with
similar SEVy and overlap. For station locations, see Fig. 1

4. DISCUSSION

4.1. Size-related variations of the trophic ecology
of sea stars: importance of species identity

Stable isotope compositions of sea stars were influ-
enced by their size, with disc radius influencing §'°C
and 8"°N values and arm length influencing $*C and
8%*S values. However, the disc radius may have more
influence on 83C values than the arm length, as a 5-
fold higher F-value was computed for the disc radius
than for the arm length in ANCOVA. Similarly, the
relationship between 8'°N values and the disc radius
is highly informative and could be explained by the
importance of the disc function in sea star feeding.
Indeed, except for species from the order Paxillosida,
such as Bathybiaster loripes, sea stars evert their
stomach to feed but never beyond the edges of their
disc to prevent damage. A larger disc may therefore
allow sea stars to extend their stomach over a larger
area, resulting in the capacity to feed on larger prey,
or on larger surfaces when consuming biofilms or
encrusting organisms (Lawrence 2012). Consequently,
increasing disc size likely improves the ability of sea

100.04b 2 2
75,04 b
e | B
50 Y
Jiallma
3 5 6

8 mary producers or between benthic
and pelagic sources (Fry et al. 1982,
Machés & Santos 1999, Connolly et
al. 2004), as pelagic sulphates with
high §*S values are the main source
of inorganic sulphur for both phyto-
plankton and phytobenthos at the base-
line of food webs (Giordano & Raven
2014), whereas sulphides with low
8%S values are present in sediment as
a result of the activity of sulphate-reducing bacteria
(Fry et al. 1982). Consequently, limited ontogenetic
shifts of 8*S values may indicate limited changes in
feeding habitat.

Both 8°C and 8N values increased with disc
radius in D. brandii and O. validus. O. validus is a
highly generalist feeder that consumes prey of di-
verse sizes, ranging from diatoms to other echino-
derms, and also scavenges on carrion (Pearse 1965,
Dayton et al. 1974, Brueggeman 1998). A similar
generalist behaviour may be expected for D. brandti,
as its congener D. brucei appears to feed on various
prey from microorganisms (Michel et al. 2019) to
macroorganisms (Dayton et al. 1974, Rauschert
1991). The increasing 8'*C and 8"°N values with disc
radius for these species may indicate the progressive
replacement of small prey with low §°C and 8N
values by larger (Baeta & Ramén 2013, Fernandez et
al. 2017) and/or more carnivorous (Himmelman &
Dutil 1991) benthic prey in the diet during growth.
Lower §C and §"N values in smaller prey could
result from smaller prey usually occupying lower
trophic levels in communities (Potapov et al. 2019)
but also from these prey being growing juvenile
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organisms with low trophic enrichment factors.
Indeed, trophic enrichment factors tend to be nega-
tively linked to growth rates (Lefebvre & Dubois
2016). Faster turnover in juveniles investing re-
sources into growth than in adults investing into
maintenance may explain this pattern. Small trophic
enrichment factors should also be expected in juve-
nile sea stars themselves and could further contribute
to their low 8!3C and 8'N values. Finally, consump-
tion by juveniles of pelagic diatoms sinking to the
bottom, as suggested by the observation of diatoms
in the stomach content of O. validus (Pearse 1965),
could further contribute to their low §3C and 8N
values. By contrast, adults would have high §!3C and
815N values due to the larger trophic enrichment fac-
tors in their tissues and/or due to the consumption of
large adult organisms also having high §**C and §!°N
values thanks to their larger trophic level and the
higher trophic enrichment factor in their tissues.

In other species with less generalist diets, or in non-
predators, disc size was less frequently linked to their
isotopic composition, suggesting that ontogenetic diet
shifts are less marked for these species. Notasterias
bongraini may feed on plankton or suspension feeding
organisms throughout its life, as suggested by its large
dorsal pedicellariae (Koehler 1911, Fisher 1940), which
play a role in capturing planktonic prey (Emson &
Young 1994). Its congener N. armata was also ob-
served feeding on bivalves (Dearborn 1977, Bruegge-
man 1998). Similarly, Perknaster sladeni may have a
spongivore diet both as a juvenile and an adult, similar
to its congener P. fuscus (Dayton et al. 1974).

Nevertheless, 8N values increased with disc
radius for B. Ioripes. This species likely feeds on sed-
iment, as suggested by the observation of mud in its
stomach (Dearborn 1977) and its low &*S values
(influenced by sediment sulphides). The increasing
8!5N values in B. loripes could indicate that this spe-
cies exhibits a more predatory behaviour by consum-
ing larger prey buried in sediment while growing.
Alternatively, larger individuals could gain access to
more degraded organic matter, displaying higher
§'°N values, as bacterial degradation and fractiona-
tion may induce high 8N values in residual organic
matter (Saino & Hattori 1980, Wada 1980, Minten-
beck et al. 2007).

4.2. Spatial variations in the trophic ecology of sea
stars and their link to habitat characteristics

The trophic ecology of sea stars varied spatially in
the Ezcurra Inlet. 8'3C and 8N values differed

among sampling stations, with 8'*C values decreas-
ing from the inner to the outer stations and 8'°N val-
ues differing between the innermost station and one
of the outermost stations, while other stations had
intermediate 8'°N values. The pattern of decreasing
313C values from the inner to the outer Ezcurra Inlet
was also observed in the organic carbon from surface
sediment (Deflandre et al. 2013). A similar pattern
was observed in Kongsfjorden, an Arctic fjord in
Svalbard, where it was hypothesised that sedimen-
tary organic matter derived from benthic meiofauna
and '®C-enriched diatoms in the inner fjord and from
plankton in the outer fjord (Bourgeois et al. 2016).
Higher importance of matter of terrestrial origin and
freshwater diatoms provided by glacier meltwater in
inner stations versus autochthonous production in
outer stations (Pecherzewski 1980b, Jonasz 1983,
Ligowski 1986) may also help explain this pattern.

Fjords, including the Ezcurra Inlet, are charac-
terised by turbidity gradients (Pecherzewski 1980b,
Munoz & Wellner 2016, Meslard et al. 2018) because
of sediment discharge by melting glaciers in their
inner basins. This results in gradients of primary pro-
duction (Zielinski 1990, Hoffmann et al. 2019, Hold-
ing et al. 2019) and benthos characteristics (Wto-
darska-Kowalczuk et al. 2005, Pabis et al. 2011,
Sahade et al. 2015), which induce changes in ecosys-
tem functions. These differences in community char-
acteristics may result in the presence of different
species of sea stars with specific feeding behaviours
along the fjord and explains the uneven sampling for
several species from this study. For example, B.
loripes is likely a sediment feeder (Dearborn 1977)
and was mostly sampled in the inner stations, while
N. bongraini and P. sladeni may feed on suspension
feeders and were sampled in the outer area where
this type of prey is more abundant (Pabis et al. 2011,
Sicinski et al. 2011, Krzeminska & Kuklinski 2018).
However, higher turbidity is not necessarily associ-
ated with reduced trophic diversity in areas affected
by ice disturbance (Pasotti et al. 2015b, Wtodarska-
Kowalczuk et al. 2019).

D. brandti and O. validus appeared to have slightly
overlapping isotopic niches in the inner Ezcurra Inlet
but largely overlapping isotopic niches in the outer
fjord. According to competition and niche overlap
theory (Pianka 1974), despite a lower diversity and
biomass of resources, higher trophic resource segre-
gation occurred between the 2 species in the inner
fjord. We also observed an isotopic niche constriction
for O. validus in the inner basin.

In the inner area of the Ezcurra Inlet, reduced
benthos diversity and biomass resulted from high
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turbidity and muddy bottoms (Pabis et al. 2011,
Sicinski et al. 2011), which would only allow the
presence of predators or omnivores that could adapt
their diet to low resource availability. The dietary
plasticity of D. brandti and O. validus could allow
them to adapt to such environmental conditions, and
our observations confirm the prediction based on
ecological niche theory. In the outer fjord, higher
prey availability could allow the exploitation of the
same prey by the 2 species, resulting in diet similari-
ties and overlap.

Nevertheless, dietary plasticity seemed to be spe-
cies specific. O. validus had a larger isotopic niche in
the outer fjord than in the inner one. Conversely, the
isotopic niche of D. brandti did not change much
from the inner to the outer section of Ezcurra Inlet
despite an increase in prey diversity. O. validus is a
highly generalist omnivore that feeds on various prey
(Pearse 1965, Dayton et al. 1974). Larger isotopic
niches would be expected for O. validus in the outer
Ezcurra Inlet, as enlargement of its isotopic niche is
likely due to intraspecific specialisation (i.e. all indi-
viduals did not feed exactly on the same items and
diverged more in the outer fjord than the inner fjord).
Similar niche variation was anticipated for D. brandti,
as its congener D. brucei was also observed feeding
on various prey (Dayton et al. 1974, Rauschert 1991,
Michel et al. 2019). Nevertheless, its isotopic niche
size did not increase in the outer fjord. This could
suggest, on the one hand, a more limited trophic
plasticity for this species than for O. validus. On the
other hand, it may indicate that individuals probably
feed on more similar prey, resulting in less individual
isotopic differences.

4.3. Conclusion and perspectives

Because of climate change, terrestrial glaciers are
receding worldwide (Cook et al. 2005, Mernild et al.
2012), including on King George Island (Braun &
Gossmann 2002, Rickamp et al. 2011). In fjords, in-
creased glacial melting causes short-term increases
in terrestrial runoff and then in turbidity (Sahade et
al. 2015), sedimentation rates (Boldt et al. 2013), and
mud contribution to the bottom sediment (Munoz &
Wellner 2016). Considering the impact of high tur-
bidity on the benthos (Thrush et al. 2004, Donohue
& Garcia Molinos 2009), glacier retreat may thus
contribute to a short-term reduction of the diversity
and abundance of the benthic communities already
impacted by turbidity (Sahade et al. 2015). As a
result, modifications of the trophic ecology of gener-

alist sea stars such as O. validus are expected to
occur. Moreover, reduced glacier surface could di-
minish terrestrial inputs and open new areas for ben-
thic colonisation in the long term, leading to more
diverse benthic assemblages (Pasotti et al. 2015a)
and subsequent modifications of the trophic ecology
of sea stars. The ultimate consequences of these
changes for benthic communities will likely be a
trade-off between environmental stress (Sahade et
al. 2015), opening of new areas for colonisation (Pa-
sotti et al. 2015a) and changes in the metabolic bal-
ance of benthic communities, which will influence
the carbon balance and food webs (Braeckman et
al. 2021). Here, we demonstrated that ontogenetic
niche shifts and trophic plasticity drive sea star feed-
ing ecology and that their effects were species spe-
cific. Therefore, the 2 mechanisms are likely to influ-
ence the way in which these key benthic organisms
cope with present and future environment-induced
changes in resource availability.

Data availability. Data used in this manuscript are part of
the dataset ‘Stable isotope ratios of C, N, and S in Southern
Ocean sea stars (1985-2017)' (expedition ZA) available at
the Global Biodiversity Information Facility (GBIF, https://
doi.org/10.15468/p8gcpe).
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