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The Antarctic Peninsula (AP) is one of the three places on Earth that registered the most intense warming in the last
50 years, almost five times the global mean. This warming has strongly affected the cryosphere, causing the largest
ice-shelf collapses ever observed and the retreat of 87% of glaciers. Ecosystem responses, although increasingly
predicted, have been mainly reported for pelagic systems. However, and despite most Antarctic species being
benthic, responses in the Antarctic benthos have been detected in only a few species, and major effects at assem-
blage level are unknown. This is probably due to the scarcity of baselines against which to assess change. We
performed repeat surveys of coastal benthos in 1994, 1998, and 2010, analyzing community structure and
environmental variables at King George Island, Antarctica. We report a marked shift in an Antarctic benthic com-
munity that can be linked to ongoing climate change. However, rather than temperature as the primary factor, we
highlight the resulting increased sediment runoff, triggered by glacier retreat, as the potential causal factor. The
sudden shift from a “filter feeders-ascidian domination” to a “mixed assemblage” suggests that thresholds (for
example, of tolerable sedimentation) and alternative equilibrium states, depending on the reversibility of the
changes, could be possible traits of this ecosystem. Sedimentation processes will be increasing under the current

scenario of glacier retreat, and attention needs to be paid to its effects along the AP.

INTRODUCTION

Recent rapid regional warming along the Antarctic Peninsula (AP)
has driven massive loss of ice shelves and retreat of tidewater glaciers,
together with a reduction of seasonal sea-ice extension (1-3). Surface
waters at the Western AP have warmed by almost 1°C in the latter
half century and strong surface salinity changes, especially in coastal
areas during summer (4, 5). Biological responses are increasingly being
predicted from single species to ecosystem levels, including changes in
abundance, diversity, and assemblage structure (6-10). However, shifts
have been reported particularly in the pelagic system, in phyto-
plankton with cross-food web links from krill to penguins (11, 12).
Although by far most Antarctic species occur in the benthos, to date
observed responses from abundant and diverse communities on the
seabed have been restricted to only a few species (13, 14). Most of
the reported shifts in benthic species were related to catastrophic
events, such as ice-shelf collapses, or to the colonization of newly ice-
free areas (15-21). Whereas only one taxon, bryozoans, was reported to
be affected by the gradual change of a factor driven by climatic change,
exhibiting a linear relationship with the increment of ice disturbance
(13, 14), major effects at the community level remain unknown (13, 14).

In polar areas, temperature rise is often predicted to be the pervasive
factor, for example, the still controversial colonization of spider crabs,
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which could severely affect shelf benthic communities by a top-down
control that was absent in these ecosystems for millions of years
(10, 22, 23). Therefore, most work has been devoted to analyzing tem-
perature effects using physiological and ecological approaches (24).
However, in the short term, cascading effects such as ice scouring action
and the increased sedimentation caused by glacier retreat seem to be
influencing coastal benthos more significantly than temperature directly.
Sedimentation effects on community structure or species performance
have recently received attention (6, 8, 25-27), which is probably due to
the proximity of scientific research stations to glacier termini.

Ecosystem response to climate change is the most pressing issue in
future Antarctic research (28), and because of the relative constancy of
environmental variables, slow growth rates, and population turnover
(9), Antarctic benthic ecosystems can be considered good sentinels for
monitoring effects of climate change. The scarce knowledge of most
Antarctic areas and especially the present lack of established baselines
against which to assess change could be responsible for the paucity of
recorded biotic effects of the AP warming. Thus, there is likely an
underestimate of current responses in Antarctic benthos.

Here, we carried out a long-term study of a benthic ecosystem in
an Antarctic fjord (Potter Cove, King George/25 de Mayo Island, and
South Shetland Islands; Fig. 1). We focused on megabenthic assem-
blage structure and observed major shifts over 15 years. We relate
these shifts to factors driven by the recent rapid regional climate
change, and the physiological traits of species either particularly sen-
sitive or rather resistant to such changes, by integrating physiological
and ecological approaches.

RESULTS
Assemblage structure

The benthic assemblage structure was analyzed at three stations that
differed with respect to glacial influence, for example, sediment inputs
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Fig. 1. Map of Potter Cove. Picture of 2010 showing glacier retreat since
1995 and the gradient of sediment influence in different areas of the cove,
represented by the color gradient. Rectangles are sampling stations with
their depth sampling profiles, 15, 20, 25, and 30 m. The Inner Station (1) is
most exposed to sediments carried by (a) Potter and (b) Matias creeks. M,
Middle Station; O, Outer Station. Inner and Middle stations are located in
the inner cove (c), sheltered from the entrance of big icebergs by a sill at
26- to 28-m depth (d; red dashed line). Outer Station is in the outer cove (e).
(c) PO3 sediment core location (bathymetry of Potter Cove shown in fig. S1).

originating from meltwater streams (South Coast creeks, Fig. 1), sub-
stratum types, and the hydrographic characteristics of Potter Cove
(29, 30). The Inner Station (I; Fig. 1), located at the creeks” debouch, is
strongly affected by glacial meltwater and sediment discharge. Silt/clay
sediments characterize this station. The Middle Station (M, Fig. 1) is
less affected by sediment input than the Inner Station in the shallows
(15 to 20 m), but in similar ways between 25 and 30 m (31). In the
Middle Station, the substratum is formed by moraine deposits inter-
spersed with fine sediments. The Outer Station (O, Fig. 1) is the least
influenced by sedimentation and is typified by hard substrata (Fig. 1)
(30, 31). Photographic surveys were undertaken in 1994, 1998, and
2010. Percent cover and densities were estimated for megabenthic taxa
(>10 mm) at depths from 15 to 30 m (32). Major shifts were observed
in species composition, abundances, and benthic community structure
in areas directly exposed to sedimentation, such as the Inner Station
and deeper zones of the Middle Station, but not in the Outer Station
where the effect of glacial discharge was minimal (Fig. 1) (29-31). The
changes in species abundances and community structure are shown in
Fig. 2 and by the nonmetric multidimensional scaling (nMDS), anal-
ysis of similarity (ANOSIM), and similarity percentage (SIMPER)
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Fig. 2. Species coverage and sediments at Potter Cove. Percentage
cover of the different taxa at the Inner Station and at 25- to 30-m depth
of the Middle Station, the areas that showed marked shifts in benthic com-
munities at Potter Cove (see details for all the stations and depths in fig.
S2). At the Inner Station, trends of decreasing abundance in ascidians and
increased pennatulids, sponges, and mobile taxa are visible. Note that at
30-m depth, there are less taxa present in 1998 than in 1994 or 2010. The
Middle Station exhibited a shift from macroalgal to zoobenthic dominance,
particularly pennatulids, sponges, and ascidians. In 1998, only transects at
20- and 30-m depths were sampled. The lower part of the graph shows mass
accumulation rates of bulk sediments (MARgs), total suspended particulate
matter (SPM), and percentage of organic matter (OM) in the time lapse of the
benthic surveys. MARgs and SPM peaked between 1994 and 1998 (gray
shadow bar, which could be a threshold for this ecosystem), and the MARgs
values were also the highest registered during the last century (see fig. S3).

analyses (Fig. 3, Table 1, and tables S1 and S2). The nMDS analysis
shows that the Outer Station and shallower zones of the Middle Sta-
tion group together (all depths and sampled years), including the
deeper areas of the Middle Station of 1994 and 1998. Whereas the
Inner Station and the deeper zones of the Middle Station from 2010
clumped together in three subgroups, the first one grouped samples of
15 and 20 m except the 20-m samples of 1994. These samples were in
the second subgroup closer to the deeper areas of the same year and
the 30-m samples of 1998. The last subgroup clumped samples of
2010 from 25 and 30 m of the Inner and Middle stations. ANOSIM
and SIMPER analyses indicated that these differences were statistically
significant, the Inner Station showed a higher overall differentiation,
and the pairwise comparison showed that higher dissimilarities were
observed at deeper zones of the Inner and Middle stations, and that
ascidians, sponges, and pennatulids are the taxa that contributed more
to these differences in the Inner Station, whereas algae, ophiuroids,
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Fig. 3. Shifts of benthic assemblages at Potter Cove between 1994
and 2010. nMDS ordination of relationships among stations, depths,
and year, showing high similarity between the Outer Station and the shal-
lower depths (15 to 20 m) of the Middle Station across years. In contrast,
the Inner Station and deeper areas of the Middle Station (25 to 30 m)
showed a marked change. Analyses were performed using Bray-Curtis sim-
ilarity index.

ascidians, and pennatulids were responsible for the differences observed
in the Middle and Outer stations (Table 1; see tables S1 and S2 for a
full pairwise comparison among all sampling dates and stations).

In 1994, the Inner Station was characterized by marked depth
zonation, mainly modulated by ice action (32). At 15 m, the bivalve
Laternula elliptica and the pennatulid Malacobelemnon daytoni domi-
nated the benthos. The community was more complex, diverse, and
dominated by ascidians with increasing depth. At 30 m, the assem-
blage was characterized as “sessile suspension feeders with associated
fauna, dominated by nonsponges,” in this case, the dominant filter
feeders being ascidians [following the ecological classification of Ant-
arctic benthic communities proposed by Gutt (33)]. During this first
survey, ascidians occurred at 28.4 ind m™>, occupying 28.1% of cover
at 30-m depth. Density of the ascidian Molgula pedunculata alone was
16.5 ind m™>, covering 16.5% of space. In 1998, the fauna at the Inner
Station was impoverished, with ascidians rare at 20 m, densities had
halved, and coverage was reduced to 9.6% at 30-m depth. M. pedun-
culata was the most affected species with just 2.5 ind m™> and 0.5%
coverage. The increase in density/percentage cover relationship indi-
cates a decrease in the size of the individuals. In contrast, the sea pen
M. daytoni increased from 27.1 to 86.8 ind m™> at 20-m depth. In
2010, our third survey of these locations found further shifts: ascidians
were even less abundant than in 1998, reduced by a third in density
and sixfold in coverage when compared to 1994 (Fig. 2). In contrast,
sea pens increased 12-fold in density to 314.2 ind m™>. Furthermore,
their depth range was extended. In 1994, they were restricted to 15 to
20 m, but by 2010, they were ubiquitous between 15 and 30 m of the
Inner Station, as well as deeper (25 to 30 m) at the Middle Station
[that is, areas more affected by sediment input (29-31), Figs. 1 and
2]. Sponges also increased in abundance in 2010 and dominated the
Inner Station at 30-m depth. Space occupation by actinians and mo-
bile fauna, such as echinoderms, nemerteans, and isopods, increased at
the Inner and deeper (25 to 30 m) Middle Stations (Fig. 2). By 2010,
the structure first detailed in 1994 had shifted to a “mixed assemblage”
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(33), dominated by suspension feeders accompanied by mobile fauna,
deposit feeders, scavengers, and predators (Fig. 3 and fig. S4). The ma-
jor suspension feeders switched from being ascidians to sponges and
the pennatulid M. daytoni, and echinoderms, isopods, and acti-
nians became more prevalent in the new assemblage. Similarly, in
deeper waters (25 to 30 m) at the Middle Station, macroalgae (rather
than ascidians) declined from dominance. Between 1998 and 2010,
macroalgae were replaced by a fauna similar to that of the Inner Sta-
tion dominated by M. daytoni, ascidians, and sponges (Fig. 3 and fig.
S2). This change could be indicative of an extension in the sediment
plume darkening the area and thus hindering the establishment and
growth of macroalgae in previously suitable areas. In contrast to the
changes observed in the Inner and deeper Middle stations,
composition, abundances, and benthic community structure changed
neither at the Outer Station nor at the Middle station shallows (15 to
20 m) (Fig. 3 and fig. S2).

Environmental factors

In the last two decades, concentrations of SPM increased significant-
ly in the inner Potter Cove (Fig. 1), with mean values increasing
from 7.5 mg liter ' to ca. 15 mg liter". In contrast, no significant
changes of SPM concentrations were observed at a hydrographic
monitoring station close to our outer station (34). Maximum month-
ly mean values, measured since 1991, peaked in 1997 to 1998, then
decreased and peaked again in 2008 to 2009 (Fig. 2). SPM and sed-
iment accumulation at Potter Cove are mainly driven by meltwater
runoff from the retreating Fourcade Glacier (35). In the adjacent
Maxwell Bay, where Potter Cove is tributary, mass accumulation
rates of bulk sediment (MARgs) have tripled since the 1940s (36).
Consistently, MARgg estimations based on *'°Pb analyses obtained
from a sediment core sample (PO3) in the inner Potter Cove (Fig. 1)
indicated a continuous increase of sediment accumulation since
1900, and MARgg values around 1995 were three times those
measured near 1900 and the highest registered so far (Fig. 2 and
fig. S3). Both SPM and MARg; data sets provide evidence for a sed-
imentation maximum between 1995 and 1998, which was between
our first two photographic surveys. However, the second peak in
SPM of 2008 to 2009 was not reflected in the MARgs. These differ-
ences can be caused by parameters such as wind speed and wind
direction, determining that most of the sediments can be either
transported outside the cove or deposited on the bottom. The second
SPM peak signal was lacking in the MARgg data, probably indicating
that most of these sediments were carried out from the Inner cove by
the prevailing currents and therefore affecting seabed organisms to a
lesser extent. Moreover, MARgg data set integrated the accumulation
of sediments on the bottom over longer time periods, offering a clo-
ser perspective on benthic fauna than SPM.

Conceptual and mathematical models

Two conceptual models were developed to represent ecosystem re-
sponses to environmental changes and processes showing diversity
variation with time. A simple simulation of the multispecies spatial com-
petition model under sedimentation, based on Levins competition
model, was constructed as well (Fig. 4). In Fig. 4 (A to C), three eco-
system responses to environmental shifts are represented. (A) Linear
response to a gradual environmental shift with two different com-
munities at both extremes of environmental conditions. Communities
can change between states in a continuous phase shift along with the
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Table 1. ANOSIM and SIMPER analyses. (A) ANOSIM pairwise analysis among years within each Station and depth. Note that 15- and 25-m depths of
1998 were compared with 20 m and 20 and 30 m of 1994 and 2010, respectively. (B) SIMPER analysis showing the degree of dissimilarity among years and

the relevant taxa. See tables S1 and S2 for overall comparisons of ANOSIM

and SIMPER analyses.

A
Station Inner Middle Outer
Depth (m) 15 20 25 30 15 20 25 30 15 20 25 30
1994-1998 0.09 0.24* 0.55%/0.16* 0.15% 0.03 0.05 0.04/0.26* 0.13% 0.10 0.17* 0.17%/0.26* 0.17*
1994-2010 0.24* | 041*% 0.39*% 0.46* 0.07 0.01 0.52* 0.38* 0.07 0.07 0.02 0.08
1998-2010 0.15* 0.19* 0.31*/0.40* 0.40* 0.10 0.73* 0.39*/0.73* 0.73* 0.08 0.08 0.18*/0.07 0.07
Global R: 0.40% Global R: 0.28* Global R: 0.21*
B
Station Inner Middle Outer
Depth (m) 15 20 25 30 15 20 25 30 15 20 25 30
1994-1998 62,78 | 79,56 | 89,76 65,7 63,62 | 7596 | 69,61 84,79 8267 | 7432 | 60,27 | 6591 | 6641 | 57,71 | 61,45
Pen Asc Asc Asc Asc Alg Alg Alg Alg Alg Alg Alg Alg Alg Alg
Biv Pen Pen Pol Pol Ast Biv Pol Asc Asc Biv Biv Oph Oph Asc
Ast Biv Biv Por Por Pol Asc Asc Ast Pol Ast Biv Asc Oph
Pen Nem Asc Ast Ast Pen
Bivalve Ech
1994-2010 63,57 79,46 75,67 78,4 51,98 | 44,87 93,66 81,53 57,13 | 58,51 58,78 70,96
Oph Asc Asc Asc Alg Alg Alg Pen Alg Alg Alg Alg
Pen Pena Pen Por Ast Pen Asc Ast Ast Oph Asc
Biv Oph Oph Pen Biv Biv Alg Ast Oph
Ast Biv Por Act Asc Ech Oph
Biv Oph Por Biv
Ech
1998-2010 66,46 | 66,61 70,41 85,19 | 81,86 | 68,62 70,85 86,08 82,91 92,2 53,73 | 5559 | 61,36 | 52,79 | 50,86
Pen Pen Pen Asc Por Alg Alg Alg Alg Alg Alg Alg Alg Alg Alg
Oph Oph Asc Pen Asc Asc Ast Pen Asc Pen Biv Biv Oph Oph Asc
Biv Biv Oph Pol Pen Biv Biv Biv Pen Asc Ast Ast Biv Asc Oph
Ast Asc Biv Por Pol Poli Asc Biv Pol Ast Ast
Ast Oph Act Por Pol Biv
Iso Ech Ast Por Ast

* Statistical differences of R values.

driving factor. (B) Sudden change between states. Communities can ab-
sorb environmental changes until those changes push the system over
the threshold limit from one state to the other. States can change
according to environmental factors and move forward and backward,
so that the threshold for community 1 collapse is the same as the one
for its recovery. (C) Thresholds with hysteresis occurring in which dif-
ferent communities can be present under the same environmental
conditions, that is, the community has alternative equilibria for a given
range of conditions. The thresholds for community 1 collapse and re-
covery are different, represented by the red dots. Figure 4 (D to F)

Sahade et al. Sci. Adv. 2015;1:¢1500050 13 November 2015

shows three possible processes affecting diversity over time: (D) Classi-
cal succession. Community 1 is characteristic of early successional
stages, and community 2 represents mature stages. In this case,
environmental conditions are gradually modified by biological processes
and diversity increases gradually. (E) Gradual replacement between
communities (for example, in an ecosystem displacement process).
Communities 1 and 2 are characteristic of different sets of environmental
conditions that gradually change with time. In this case, the intermediate
condition shows a higher diversity because there is a mix of both com-
munities. (F) Sudden change between communities due to a nonlinear
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response to environmental conditions. Communities 1 and 2 represent
two different alternative states. Environmental conditions change grad-
ually with time, but the shift between communities is marked by a
tipping point. In this case, the diversity is lower in the intermediate
condition. The observed process, especially at 30-m depth at the Inner
Station, showed a Shannon diversity index of H' = 224, H' = 1.16,
and H' = 3.11 in 1994, 1998, and 2010, respectively, suggesting a sud-
den change between alternative equilibrium states (as shown in Fig. 4,
C and F). Finally, Fig. 4G shows a multispecies competition model.
The model includes 10 species with similar mortality rates, hierar-
chical competition, and colonization capacities (which allow stable
coexistence). Additionally, a mortality factor (that is, sedimentation)
was added to the best competitors. The system was tested using
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Fig. 4. Community shifts: Conceptual and mathematical models of eco-
system dynamics under environmental changes. (A to C) The plots repre-
sent (A) a linear response to a gradual environmental shift with two different
communities at both extremes of environmental conditions; (B) a sudden
change between states, under which communities can absorb changes in
environmental factors until a threshold limit pushes the system from one
state to the other; and (C) thresholds with hysteresis occur when different
communities can be present under the same environmental conditions. C1,
community 1; C2, community 2. (D to F) Benthic shifts and three possible
processes showing diversity variation with time. (D) Classical succession:
Community 1 is characteristic of early successional stages, and community
2 represents mature stages. (E) Gradual replacement between communities
(for example, in an ecosystem displacement process). (F) Sudden change be-
tween communities due to a nonlinear response to environmental
conditions. (G) A simple simulation of a multispecies spatial competition
model under sedimentation based on Levins competition model.
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sedimentation that mimics the recorded ones (blue line in a 0 to
1 scale) and without sedimentation (undisturbed system, green
line). With sedimentation (red line), diversity diminishes at a crit-
ical point, then oscillates and comes back to initial values. However,
benthic structure differs from the previous stable state. Bar graphs
over the lines show species composition proportion of each state of
the disturbed system, and different colors represent different species.

DISCUSSION

Our results clearly show that megabenthic community structures
experienced a major shift in the Potter Cove ecosystem. The affected
communities were located in areas with higher sediment influence, a
factor that also showed a significant increment in the last two decades.
Consistently, the more affected and favored groups exhibited different
physiological responses to sediment load: ascidians, the most
diminished taxon in terms of abundance, showed higher sedimenta-
tion sensitivity compared to other nonaffected or boosted species such
as L. elliptica or M. daytoni (25, 26, 31). Therefore, we propose that
increased sedimentation could be driving the observed shifts in this
benthic ecosystem. However, other factors, such as water temperature,
salinity, and chlorophyll a concentrations, were taken into account
and have also been monitored at the inner and outer cove sectors con-
tinuously for ~20 years (30, 37). Salinity and chlorophyll showed no
significant trends during this period, whereas sea surface temperature
increased homogeneously across stations in Potter Cove (30, 37). The
maintenance of salinity and chlorophyll values and the homogeneity
shown by the slight temperature increment is unlikely to explain such
different dynamics among the sampled stations. Scouring by large ice-
bergs can be discounted as a possible cause in the deeper areas of the
inner Potter Cove, which is separated from the outer cove by a mo-
raine ridge rising to 28 m of water depth (Fig. 1). Changes in scouring
by smaller ice fragments would also be unlikely to explain the patterns
found, that is, affecting some sessile epifaunal groups greater than
others. Traces would also be observable in the photographs. We also
exclude top-down or bottom-up regulation as causal processes, be-
cause there was neither a significant increment in potential predators
(especially for ascidians), for example, asteroids or gastropods, particu-
larly the species Diplasterias brucei and Marseniopis mollis (32), nor a
change in local primary production (34). Moreover, the Potter Cove
benthic ecosystem can be considered as an importing system because
the low local primary production (34) is too low to fuel the high
secondary production observed in the benthos (32), which is therefore
more likely sustained by advection of allochthonous organic matter.
Hence, increased sedimentation driven by glacier retreat, caused in
turn by the rapid warming of the AP, appears the most likely forcing
factor that explains the observed changes in Potter Cove benthic com-
munities between 1994 and the present.

Reported shifts in Antarctic benthos are very scarce, limited to a
few species, and associated with acute environmental changes (15-19).
Recolonization after the Larsen Ice-Shelf collapse (18-20) and glacial
retreat at Potter Cove (21) were also related to rapid environmental
changes. However, effects produced by gradual shifts in factors related
to the warming of the AP have only been reported for bryozoans. Re-
cordings showed a reduction in abundance that was linearly related to
the increment of ice disturbance favored by reduced sea-ice formation
(13, 14). In Potter Cove, we have shown a change at the level of
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the entire epibenthic community, shifting from “ascidian-dominated fil-
ter feeders” to a mixed assemblage, two characteristic defined assem-
blages that can be found in different Antarctic locations (33).

The sudden shift in the benthic community coincident with peaks
in sedimentation may point to the existence of critical thresholds and
poses the question of whether these shifts are reversible or not. If not,
the shift would represent a transition to an alternative equilibrium
state of the ecosystem. Implications of sudden shifts can be of major
importance because gradual changes in environmental variables, such
as those observed in sedimentation, can have no or negligible effects
until a threshold is reached and then rapid ecosystem shifts take place.
If thresholds for the collapse and recovery of the system states do not
coincide (hysteresis) then these shifts are difficult to reverse (38, 39),
(Fig. 4). The nonlinear nature of interspecific relationships, the phys-
iological responses to sediments observed in some of the involved species
(25, 26, 31), and the different communities observed in our first (1994)
and last (2010) surveys under similar sedimentation conditions (Fig. 2)
suggest that hysteresis could be a possible trait of this ecosystem. The
observed intermediate state with fewer taxa than at both extremes of
the process contrasts with succession or gradual replacement (for ex-
ample, ecosystem displacement), further supporting this hypothesis
(Fig. 4).

Potter Cove is a fjord system historically subjected to high sedi-
mentation, and abundant and diverse epibenthic megafauna have
been described there even under these conditions (32). A recent study
of macrobenthos structure in three fjords along the Western AP also
reported high diversity and abundance patterns in inner fjords and
predicted that sedimentation resulting from rapid warming could be
an important factor affecting these ecosystems (6). The higher diver-
sity found in Antarctic fjords related to adjacent areas suggests that
these systems can be considered important hot spots for Antarctic
benthic diversity. In contrast, Arctic counterparts are characterized
by strong faunal impoverishment toward the glacier front and the ab-
sence of epifaunal suspension feeders (40). Our results suggest that
although rich, sediment-tolerant, benthic assemblages can establish
in Antarctic fjords, their structure and composition depend on sedi-
mentation thresholds. Once such thresholds are surpassed, the sys-
tem can suddenly shift to another state. Indeed, in Martel Inlet, a fjord
close to Potter Cove, observations show much higher sedimenta-
tion rates and an impoverished benthic community with epifaunal
suspension feeders almost absent (27), a pattern more closely re-
sembling those assemblages described in Arctic rather than Antarctic
fjords. The ongoing glacier retreat suggests that sedimentation is likely
to be an important factor in coastal ecosystem dynamics and that con-
ditions at Potter Cove could extend along the Western AP in the
near future, representing a major threat for these hot spots of Antarctic
diversity.

MATERIALS AND METHODS

Sampling design

Photographic surveys were performed during the summer seasons of
1994, 1998, and 2010. Pictures were taken with a Nikonos V camera,
using a 15-mm lens and a Nikonos SB-104 strobe in 1994 and 1998
and a Sony SR12 Digital Camera in 2010. The cameras were mounted
on an aluminum frame of 50 x 50 cm, allowing quantitative estima-
tions of densities (ind m?) and coverage of identifiable taxa (>1 cm).
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At each station, photographs were taken by SCUBA diving following
particular depth profiles of 15, 20, 25, and 30 m. Areas shallower than
15 m were not sampled because they were almost devoid of epifauna
due to ice action, and deeper waters were not accessible by SCUBA
diving due to dive regulations. For the analyses, at least 50 pictures
of each depth and station were processed and the same procedure
was used in each survey.

Images were analyzed first by counting all the individuals of the
taxa present, except for colonial forms (that is, sponges or bryozoans)
and macroalgae, and then the percentage cover of all taxa was esti-
mated, superposing a grid of 100 dots randomly distributed on the
image.

Statistical analysis

Raw data of percentage cover obtained from photo-transects were
square root-transformed to down-weigh the influence of the most
dominant taxa, and then a similarity matrix was constructed using
the Bray-Curtis similarity distance. Three multivariate procedures
were applied on the basis of the similarity matrix. In the first term
and to visualize changes in species composition and assemblage struc-
ture across stations, depths, and time, an indirect ordination analysis,
nMDS, was used. Then, for testing spatial differences and temporal
changes in surveyed assemblages, an ANOSIM was used. This analysis
provides a test statistic R that varies between —1 and 1, the zero value
representing the null hypothesis of no differences among a set of
samples. Values between 0 and —1 are unlikely as they would indicate
higher dissimilarity among replicates within a sample than with repli-
cates from different samples. Generally, R lies between zero and 1, rep-
resenting the magnitude by which samples differ (41, 42). Finally, to
identify the taxa responsible for the overall dissimilarity between two
groups of samples, the SIMPER procedure was used. Multivariate
analyses were performed using the PRIMER and PAST software
packages (41, 43).

Equation of the Levins hierarchical multispecies spatial
competition model. The equation of the Levins hierarchical mul-
tispecies spatial competition model (44) after the modifications of
Hastings (45) and Tilman (46) is as follows

dt j=1

dp; i i1
——=cpif 1 7'21 pi | —mpi = (X cppi ) — sipiS
=

where p; is the abundance of species 1, ¢; is the colonization efficiency
of species i, m; is the mortality rate of species i, s; is the sensitivity to
sedimentation of species i, and S is the sedimentation rate.

Then, species i could only colonize the fraction of space that is free,
that is, the space fraction that has not already been occupied by that
species i or by species that are better competitors than i. Each species i
can colonize this fraction as a function of its abundance (p;) and its
own colonization efficiency. The space is never completely full because
each species has its own mortality rate that is constantly enhancing
space. There is also a competition term that includes the abundance
that species i lost as a function of its abundance (p;) and the abun-
dance (p;) and colonization efficiency (c;) of each better competitor
species j. For this particular work, a term of mortality due to sedimen-
tation S was included. This mortality is a function of the species abun-
dance (p;), its sensitivity to sedimentation (s;), and the sedimentation
rate (S).
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Sediments and mass accumulation rates. Total SPM was mea-
sured gravimetrically after filtering 0.25 to 2 liters of seawater through
combusted preweighed 25-mm Whatman GF/F filters. After filtration,
filters were rinsed twice with distilled water to remove sea salt, then
dried for 24 hours at 60°C, and weighed again. Filters were then burned
at 500°C for 4 hours to obtain the ash-free dry mass to estimate the con-
tent of organic matter. Samples were taken monthly since 1992 at two
stations in Potter Cove [see details by Schloss (34)].

*1%Pb analyses were carried out for five samples obtained from a
34-cm-long sediment core (PC/P03), which was obtained in the inner
Potter Cove (Fig. 1). Activities of radionuclides (?1°pb, 2*Pb, and
*1Bi) were measured by y-spectrometry (Ge-detector, GWC 2522-
7500 SL, Canberra Industries Inc.) and processed with Genie
2000 3.0 (Canberra Industries Inc.). Counting statistics showed a
lack of precision lower than 5% for the samples except those with
very low 210py, activity (<0.08 Bq g_l). The accuracy of this method
was tested by using a standard reference material similar in matrix
composition to the sediment samples (UREM-11) and was better
than 10% for all radioisotope concentrations. To take account of
changing sedimentation rates with time, the age of each sediment
slice and mass accumulation rates of bulk sediments (MARgg) were
determined according to the constant flux model of Sanchez-Cabeza
and Ruiz-Fernandez (47), which is based on the constant rate of sup-
ply model of Appleby and Oldfield (48). 2'°Pb excess data were
calculated by the difference of the total *'°Pb activity and the
supported *'’Pb flux, which is given by the average of *'*Pb and
*14Bj activities. Activities of radionuclides of lacking sediment samples
were interpolated at 1-cm steps.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/1/10/e1500050/DC1

Fig. S1. Bathymetry of Potter Cove.

Fig. S2. Coverage of the different taxa at each of the stations, depths, and dates sampled at
Potter Cove.

Fig. 53. 2'°Pb profile and mass accumulation rates of bulk sediments (MARgs) for Potter Cove.
Fig. S4. Benthic assemblages in 1994 and 2010.

Table S1. Overall pairwise comparison of ANOSIM analyses among stations, depths, and dates.
Table S2. SIMPER analyses among depths and dates within each station.

REFERENCES AND NOTES

1. J. Turner, S. R. Colwell, G. J. Marshall, T. A. Lachlan-Cope, A. M. Carleton, P. D. Jones, V. Lagun,
P. A.Reid, S. lagovkina, Antarctic climate change during the last 50 years. Int. J. Climatol. 25,
279-294 (2005).

2. A.J. Cook, A. J. Fox, D. G. Vaughan, J. G. Ferrigno, Retreating glacier fronts on the Antarctic
Peninsula over the past half-century. Science 308, 541-544 (2005).

3. S. Stammerjohn, R. Massom, D. Rind, D. Martinson, Regions of rapid sea ice change: An
inter-hemispheric seasonal comparison. Geophys. Res. Lett. 39, L06501 (2012).

4. M. P. Meredith, J. C. King, Rapid climate change in the ocean west of the Antarctic Peninsula
during the second half of the 20th century. Geophys. Res. Lett. 32, L19604 (2005).

5. M. A. Moline, H. Claustre, T. K. Frazer, O. Schofield, M. Vernet, Alteration of the food web
along the Antarctic Peninsula in response to a regional warming trend. Glob. Chang. Biol.
10, 1973-1980 (2004).

6. L. J. Grange, C. R. Smith, Megafaunal communities in rapidly warming fjords along the
West Antarctic Peninsula: Hotspots of abundance and beta diversity. PLOS One 8,
e77917 (2013).

7. J.Ingels, A. Vanreusel, A. Brandt, A. I. Catarino, B. David, C. De Ridder, P. Dubois, A. J. Gooday,
P. Martin, F. Pasotti, H. Robert, Possible effects of global environmental changes on Antarctic
benthos: A synthesis across five major taxa. Ecol. Evol. 2, 453-485 (2012).

Sahade et al. Sci. Adv. 2015;1:¢1500050 13 November 2015

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

. D. A. Smale, D. K. A. Barnes, Likely responses of the Antarctic benthos to climate-related

changes in physical disturbance during the 21st century, based primarily on evidence
from the West Antarctic Peninsula region. Ecography 31, 289-305 (2008).

. A. Clarke, E. J. Murphy, M. P. Meredith, J. C. King, L. S. Peck, D. K. A. Barnes, R. C. Smith,

Climate change and the marine ecosystem of the western Antarctic Peninsula. Philos.
Trans. R. Soc. Lond. B Biol. Sci. 362, 149-166 (2007).

. R. B. Aronson, S. Thatje, A. Clarke, L. S. Peck, D. B. Blake, C. D. Wilga, B. A. Seibel, Climate

change and invasibility of the Antarctic benthos. Annu. Rev. Ecol. Evol. Syst. 38, 129-154
(2007).

. M. Montes-Hugo, S. C. Doney, H. W. Ducklow, W. Fraser, D. Martinson, S. E. Stammerjohn,

O. Schofield, Recent changes in phytoplankton communities associated with rapid regional
climate change along the western Antarctic Peninsula. Science 323, 1470-1473 (2009).

. 0. Schofield, H. W. Ducklow, D. G. Martinson, M. P. Meredith, M. A. Moline, W. R. Fraser,

How do polar marine ecosystems respond to rapid climate change? Science 328, 1520-1523
(2010).

. D. K. A. Barnes, T. Souster, Reduced survival of Antarctic benthos linked to climate-induced

iceberg scouring. Nat. Clim. Chang. 1, 365-368 (2011).

. D. K. A. Barnes, M. Fenton, A. Cordingley, Climate-linked iceberg activity massively reduces

spatial competition in Antarctic shallow waters. Curr. Biol. 24, R553-R554 (2014)

. P. K. Dayton, Interdecadal variation in an Antarctic sponge and its predators from ocean-

ographic climate shifts. Science 245, 1484-1486 (1989).

. P. K. Dayton, S. Kim, S. C. Jarrell, J. S. Oliver, K. Hammerstrom, J. L. Fisher, K. 0’Connor,

J. S. Barber, G. Robilliard, J. Barry, A. R. Thurber, K. Conlan, Recruitment, growth and
mortality of an Antarctic hexactinellid sponge, Anoxycalyx joubini. PLOS One 8, e56939 (2013).

. M. Slattery, D. Bockus, Sedimentation in McMurdo Sound, Antarctica: A disturbance mech-

anism for benthic invertebrates. Polar Biol. 18, 172-179 (1997).

. J. Gutta, |. Barratt, E. Domack, C. d'Udekem d'Acoz, W. Dimmler, A. Grémare, O. Heilmayer,

E.Isla, D. Janussen, E. Jorgensen, K.-H. Kock, L. S. Lehnert, P. Lopez-Gonziles, S. Langner,
K. Linse, M. E. Manjén-Cabeza, M. Mei3ner, A. Montiel, M. Raes, H. Robert, A. Rose, E. S. Schepisi,
T. Saucéde, M. Scheidat, H.-W. Schenke, J. Seiler, C. Smith, Biodiversity change after climate-
induced ice-shelf collapse in the Antarctic. Deep Sea Res. Il 58, 74-83 (2011).

. J. Gutt, M. Cape, W. Dimmler, L. Fillinger, E. Isla, V. Lieb, T. Lundalv, C. Pulcher, Shifts in

Antarctic megabenthic structure after ice-shelf disintegration in the Larsen area east of the
Antarctic Peninsula. Polar Biol. 36, 895-906 (2013).

L. Fillinger, D. Janussen, T. Lundalv, C. Richter, Rapid glass sponge expansion after climate-
induced Antarctic ice shelf collapse. Curr. Biol. 23, 1330-1334 (2013).

M. L. Quartino, D. Deregibus, G. L. Campana, G. E. J. Latorre, F. R. Momo, Evidence of
macroalgal colonization on newly ice-free areas following glacial retreat in Potter Cove
(South Shetland Islands), Antarctica. PLOS One 8, e58223 (2013).

C. R. Smith, L. J. Grange, D. L. Honig, L. Naudts, B. Huber, L. Guidi, E. Domack, A large
population of king crabs in Palmer Deep on the west Antarctic Peninsula shelf and
potential invasive impacts. Proc. Biol. Sci. 279, 1017-1026 (2012).

H. J. Griffiths, R. J. Whittle, S. J. Roberts, M. Belchier, K. Linse, Antarctic crabs: Invasion or
endurance? PLOS One 8, e66981 (2013).

D. K. A. Barnes, L. S. Peck, Vulnerability of Antarctic shelf biodiversity to predicted regional
warming. Clim. Res. 37, 149-163 (2008).

L. Torre, N. Servetto, M. L. Eéry, F. Momo, M. Tatian, D. Abele, R. Sahade, Respiratory responses
of three Antarctic ascidians and a sea pen to increased sediment concentrations. Polar Biol. 35,
1743-1748 (2012).

L. Torre, D. Abele, C. Lagger, F. Momo, R. Sahade, When shape matters: Strategies of different
Antarctic ascidians morphotypes to deal with sedimentation. Mar. Environ. Res. 99, 179-187
(2014).

J. Sicinski, K. Pabis, K. Jazdzewski, A. Konopacka, M. Bfazewicz-Paszkowycz, Macrozoo-
benthos of two Antarctic glacial coves: A comparison with non-disturbed bottom areas.
Polar Biol. 35, 355-367 (2012).

M. C. Kennicutt, S. L. Chown, J. J. Cassano, D. Liggett, R. Massom, L. S. Peck, S. R. Rintoul,
J. W. V. Storey, D. G. Vaughan, T. J. Wilson, W. J. Sutherland, Six priorities for Antarctic science.
Nature 512, 23-25 (2014).

H. Kloser, G. Ferreyra, I. Schloss, G. Mercuri, F. Laturnus, A. Curtosi, Hydrography of Potter
Cove, a small fjord-like inlet on King George island (South Shetlands). Estuar. Coast. Shelf
Sci. 38, 523-537 (1994).

I. Schloss, G. Ferreyra, G. Mercuri, J. Kowalke, Particle flux in an Antarctic shallow coastal
environment: A sediment trap study. Sci. Mar. 63, 99-111 (1999).

E. E. R. Philipp, G. Husmann, D. Abele, The impact of sediment deposition and iceberg
scour on the Antarctic soft shell clam Laternula elliptica at King George Island, Antarctica.
Antarct. Sci. 23, 127-138 (2011).

R. Sahade, M. Tatian, J. Kowalke, S. Kiihne, G. B. Esnal, Benthic faunal associations on soft
substrates at Potter Cove, King George Island, Antarctica. Polar Biol. 19, 85-91 (1998).

J. Gutt, Antarctic macro-zoobenthic communities: A review and an ecological classification.
Antarct. Sci. 19, 165-182 (2007).

70f 8

GT0Z ‘8T J3qWaA0N U0 /610’ Bewasusios saoueape//:diy wol; papeojumoq


http://advances.sciencemag.org/cgi/content/full/1/10/e1500050/DC1
http://advances.sciencemag.org/cgi/content/full/1/10/e1500050/DC1
http://advances.sciencemag.org/

R

ESEARCH ARTICLE

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Sa

. I. R. Schloss, D. Abele, S. Moreau, S. Demers, A. V. Bers, O. Gonzélez, G. A. Ferreyra, Re-
sponse of phytoplankton dynamics to 19-year (1991-2009) climate trends in Potter Cove
(Antarctica). J. Mar. Syst. 92, 53-66 (2012).

M. Riickamp, M. Braun, S. Suckro, N. Blindow, Observed glacial changes on the King George
Island ice cap, Antarctica, in the last decade. Glob. Planet. Change 79, 99-109 (2011).

P. Monien, B. Schnetger, H.-J. Brumsack, C. Hass, G. Kuhn, A geochemical record of late
Holocene palaeoenvironmental changes at King George Island (maritime Antarctica). Antarct.
Sci. 23, 255-267 (2011).

A.V.Bers, F.Momo, I. R. Schloss, D. Abele, Analysis of trends and sudden changes in long-term
environmental data from King George Island (Antarctica): Relationships between global
climatic oscillations and local system response. Clim. Change 116, 789-803 (2013).

M. Scheffer, S. R. Carpenter, Catastrophic regime shifts in ecosystems: Linking theory to
observation. Trends Ecol. Evol. 18, 648-656 (2003).

D. D. Briske, R. A. Washington-Allen, C. R. Johnson, J. A. Lockwood, D. R. Lockwood, T. K. Stringham,
H. H. Shugart, Catastrophic thresholds: A synthesis of concepts, perspectives, and applications.
Ecol. Soc. 15, 37 (2010).

M. Wlodarska-Kowalczuk, T. H. Pearson, M. A. Kendall, Benthic response to chronic natural
physical disturbance by glacial sedimentation in an Arctic fjord. Mar. Ecol. Prog. Ser. 303, 31-41
(2005).

M. G. Chapman, A. J. Underwood, Ecological patterns in multivariate assemblages:
Information and interpretation of negative values in ANOSIM tests. Mar. Ecol. Prog. Ser.
180, 257-265 (1999).

K. R. Clarke, R. N. Gorley, PRIMER v6: User Manual/Tutorial (Plymouth Marine Laboratory,
Plymouth, UK, 2006).

@. Hammer, D. A. T. Harper, P. D. Ryan, PAST: Paleontological statistics software package
for education and data analysis. Palaeontol. Electron. 4, 1-9 (2001).

R. Levins, Some demographic and genetic consequences of environmental heterogeneity
for biological control. Bull. Entomol. Soc. Am. 15, 237-240 (1969).

A. Hastings, Disturbance, coexistence, history, and competition for space. Theor. Popul.
Biol. 18, 363-373 (1980).

D. Tilman, Competition and biodiversity in spatially structured habitats. Ecology 75, 2-16
(1994).

J. A. Sanchez-Cabeza, A. C. Ruiz-Fernandez, ?'°Pb sediment radiochronology: An
integrated formulation and classification of dating models. Geochim. Cosmochim. Acta
82, 183-200 (2012).

hade et al. Sci. Adv. 2015;1:¢1500050 13 November 2015

48. P. G. Appleby, F. Oldfield, The calculation of lead-210 dates assuming a constant rate of
supply of unsupported 2'°Pb to the sediment. Catena 5, 1-8 (1978).

Acknowledgments: We thank the Carlini (former Jubany)-Dallmann staff for their support, especially
to our dive companions J. Kowalke, S. Kiinhe, A. Fernandez, O. Rillos, M. Maglianesi, L. N. Argafaraz,
and D. Maione. We are grateful to C. Richter, C. Smith, M. Fernandez, C. Held, and P. K. Dayton for
helpful comments that improved the manuscript. We also thank G. Tossonoto, O. Gonzalez, A. Ulrich,
E. Ruiz, and C. Haas for providing the bathymetry of Potter Cove. Finally, R.S. is especially grateful
to L. A. Spinetta, C. Garcia. M. Sosa, I. Solari, N. K. C. Ferndndez, and E. Carlotto for their ideas.
Funding: Logistic and financial support was provided by Instituto Antartico Argentino, Alfred Wegener
Institut, CONICET, FONCyT (Fondo para la Investigacion Cientifica y Tecnoldgica), SECyT-UNC (Secretaria
de Ciencia y Tecnologia-UNC), DFG (Deutsche Forschungsgemeinschaft), and EU (European Union) via
grants PICTO-DNA N° 119 and 36323, DFG project no. BR 775/25-1, IMCOAST (Impact of climate in-
duced glacial melting on marine coastal systems in the Western Antarctic peninsula region), ECLIPSE
(Effects of Climate change in Polar Shallow benthic Ecosystems), and IMCONet [FP7 IRSES (International
Research Staff Exchange Scheme), action no. 319718]. Author contributions: RS. designed the
project, participated in the field sampling, carried out analyses, and wrote the original manuscript.
CL, LT, FM, PM, 1S, DKAB, and D.A. were major contributors, especially in the field sampling,
photo and data analyses, development of conceptual and mathematical models (L.T. and F.M.),
MARgs analysis (P.M.), and writing. N.S, ST, MT, and N.Z. were large contributors in the field
work and photo analysis, and D.A. is also responsible for the IMCONet frame for the development
of this project. All authors discussed the manuscript. Competing interests: The authors declare
that they have no competing interests. Data and materials availability: All data needed to eval-
uate the conclusions in the paper are present in the paper and/or the Supplementary Materials.
Additional data related to this paper may be requested from the authors at www.pangaeade; contact
RS. (rsahade@efn.uncor.edu).

Submitted 15 January 2015
Accepted 9 October 2015
Published 13 November 2015
10.1126/sciadv.1500050

Citation: R. Sahade, C. Lagger, L. Torre, F. Momo, P. Monien, I. Schloss, D. K. A. Barnes,

N. Servetto, S. Tarantelli, M. Tatidn, N. Zamboni, D. Abele, Climate change and glacier
retreat drive shifts in an Antarctic benthic ecosystem. Sci. Adv. 1, e1500050 (2015).

8 of 8

GT0Z ‘8T J3qWaA0N U0 /610’ Bewasusios saoueape//:diy wol; papeojumoq


http://advances.sciencemag.org/

S{_']CHCCA(]VE{HCES ggmﬁfce gggggsetgrr]lqd glacier retreat drive shifts in an Antarctic

W4 Ricardo Sahade, Cristian Lagger, Luciana Torre, Fernando Momo,
Patrick Monien, Irene Schloss, David K. A. Barnes, Natalia
Servetto, Soledad Tarantelli, Marcos Tatian, Nadia Zamboni and
Doris Abele (November 13, 2015)

Sci Adv 2015, 1..
doi: 10.1126/sciadv.1500050

This article is publisher under a Creative Commons license. The specific license under which
this article is published is noted on the first page.

For articles published under CC BY licenses, you may freely distribute, adapt, or reuse the
article, including for commercial purposes, provided you give proper attribution.

For articles published under CC BY-NC licenses, you may distribute, adapt, or reuse the article
for non-commerical purposes. Commercial use requires prior permission from the American
Association for the Advancement of Science (AAAS). You may request permission by clicking
here.

The following resources related to this article are available online at
http://advances.sciencemag.org. (This information is current as of November 18, 2015):

Updated information and services, including high-resolution figures, can be found in the
online version of this article at:
http://advances.sciencemag.org/content/1/10/e1500050.full.html

Supporting Online Material can be found at:
http://advances.sciencemag.org/content/suppl/2015/11/10/1.10.e1500050.DC1.html

This article cites 46 articles,6 of which you can be accessed free:
http://advances.sciencemag.org/content/1/10/e1500050#BIBL

Science Advances (ISSN 2375-2548) publishes new articles weekly. The journal is
published by the American Association for the Advancement of Science (AAAS), 1200 New
York Avenue NW, Washington, DC 20005. Copyright is held by the Authors unless stated
otherwise. AAAS is the exclusive licensee. The title Science Advances is a registered
trademark of AAAS

GT0Z ‘8T J3qWaA0N U0 /610’ Bewasusios saoueape//:diy wol; papeojumoq


https://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://www.sciencemag.org/site/help/about/permissions.xhtml#perm
http://advances.sciencemag.org/content/1/10/e1500050.full.html
http://advances.sciencemag.org/content/suppl/2015/11/10/1.10.e1500050.DC1.html
http://advances.sciencemag.org/content/1/10/e1500050#BIBL
http://advances.sciencemag.org/

