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Sea-ice retreat is rapidly transforming the Southern Ocean (SO), yet conse- 
quences for benthic biodiversity remain poorly resolved. Here, we show that 
declining sea ice is directly linked to reduced species diversity in benthic 
isopods, a dominant SO fauna (Pearson’s r = 0.56). We analysed 214 isopod 

species from 78 genera in the Atlantic sector using a 14-year dataset integrat- 
ing satellite and in situ observations across 60–77◦ S and 403–4976 m depths. 
Of these 214 species, 32% (68) occur exclusively at high sea-ice stations, and 

among them 53% are new to science and 75% are rare. Redundancy analysis 
(variance explained 15.3% and 6.5% for axes 1 and 2; p ≤ 0.002) and general- 
ized linear models ( p = 0.0025) identify sea-ice cover as a primary driver of 
species richness (Pearson’s r = 0.56) and community composition. Declining 
sea ice is associated with lower diversity and shifts in assemblage structure, 
indicating strong coupling between cryosphere change and deep-sea bio- 
diversity. Given that the SO is a global biodiversity hotspot, these findings 
reveal unquantified vulnerability of seafloor communities. With continued 

sea-ice decline projected, irreversible biodiversity losses are likely, under- 
scoring an urgent need for climate mitigation as impacts reach the farthest 
marine frontiers. 
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. Introduction 

espite the low temperatures and polar environment, the Southern Ocean (SO)
osts a unique fauna with high levels of diversity and endemism (more than
000 valid marine species discovered, 50–97% of which are endemic) [1 ,2 ].
hese characteristics are the result of an evolution in isolation for more than
0 Myr, and strong influence by geologic and climatic events over the last 40
yr [3 ]. Extreme temperatures and oceanographic features such as the Antarc-

ic Circumpolar Current (ACC) have contributed to this isolation by acting as
arriers to most marine organisms [4 ]. Owing to this evolutionary history, sev-
ral SO benthic taxa have developed peculiar and habitat-specific adaptations 
uch as cold tolerance, stenothermy, slow metabolic rates, long generation times
nd brooding as reproductive strategy [5 –7 ]. Precisely because of these narrow
hysiological tolerances and specialized adaptations, these cool-adapted taxa 
re considered to be particularly vulnerable to rapid changes in their physical
nvironment [7 ,8 ]. 
Among SO environmental variables, sea ice, is one of the main physical

rivers affecting life on the seafloor [9 ], which is home to about 90% of the
arine species known from the region [2 ]. The variability in sea-ice duration
nd the seasonal inputs of high quantities of food particles in the SO, led to a
iche diversification where benthic species adopted different feeding habits in 
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Figure 1. Correlation between sea-ice concentration and benthic isopod in the Southern Ocean (SO). (A) The exemplary benthic isopod species Ceratoserolis trilobitoides 
(Eights, 1833) from the Weddell Sea (SO). (B) Map of the study area, pink circles show stations from the shelf and upper slope (expeditions JR275, JR15005, JR17003a 
and PS118); grey circles are stations from the deep-sea ANDEEP II-III expeditions; ice concentration is given using the unit interval (fractions) from 0.1 to 1, where 0.1 
indicates very low concentration/absence of ice and 1 indicates a completely ice-covered area. (C) Pearson correlation analysis of environmental variables and isopod 
species number from the shelf and upper slope. (D) Pearson correlation analysis of sea-ice concentration and isopod species number from the shelf and upper slope. 
(E) Pearson correlation analysis of sea-ice concentration and isopod species number from the shelf, upper slope (pink circles) and deep-sea ANDEEP II-III expeditions (grey 
circles). 

r ic species that directly consume phytoplankton or 
b le food sources [6 ]. Many suspension-feeders that 
f nes owing to seasonal changes in food availability 
[ onality owing to climate change will make vertical 
f ddition, a decline in sea-ice extent will lead to a 
d e-related phytoplankton blooms, shifting species 
c ic taxa to change their feeding habits and/or find 

a ration and even extinction events for those species 
t ential ocean temperature increase by 1◦C over the 
n e) are expected to affect deep benthic species and 

e ent inputs through glacier melting affect coastal 
e thic food webs [15 ,16 ]. However, effects on deep- 
s expand knowledge on the diversity of deep-sea 
b ons, including the southernmost Filchner Trough, 
b nd assemblage composition. 

2
T ic sledge (EBS) [17 ] during four different expedi- 
t 5, JR15005 ( figure 2A–F ), JR17003a on board the 
R les were collected in the Atlantic sector of the SO 

b parability, abundance data were standardized to 
1 oard in 96% ethanol and subsequently identified 

a  biodiversity patterns in the SO deep sea, we in- 
c arctic benthic DEEP-sea biodiversity, colonization 
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elation to sea-ice extension and persistence. For instance, up to 95% of Antarct
enthic algae cease to feed in winter owing to the reduced availability of suitab
eed throughout the year shift their food target from large particles to smaller o
6 ]. The warming-induced reduction of sea-ice coverage and alteration of its seas
ood transfer available for longer periods and alter its composition [10 ]. In a
ecrease of the overall sea-ice algae abundance and reduce the frequency of ic
omposition towards smaller diatoms and flagellates [10 ]. This will force benth
lternative food supplies, leading to taxonomic shifts in their communities, mig
hat are unable to adapt [11 –13 ]. Even in the deep sea, major changes (with pot
ext 84 years and a decline in O2 concentration in the SO of up to 3.7% or mor
cosystems, however, these ecosystems are very poorly understood [14 ]. Sedim
cosystems on the Antarctic Peninsula as well as carbon flows in Antarctic ben
ea faunal elements have not yet been studied. Therefore, our study aims to 
enthic isopods from SO areas characterized by different environmental conditi
y investigating the influence of environmental variables on species richness a

. Material and methods 
he study is based on isopod samples ( figure 1A) collected using an epibenth
ions conducted between 2012 and 2019 in the Atlantic sector of the SO: JR27
RS James Clark Ross and PS118 expedition on board of RV Polarstern [18 ]. Samp
etween 60◦ S and 77◦ S and at depth ranges between 403 and 4976 m. For com
000 m haul distances. A total of 16 157 isopod specimens were preserved on b
nd counted in the laboratory. To evaluate the robustness of our findings for
luded a further 22 epibenthic sledge samples collected during ANDEEP (ANt
m royalsocietypublishing.​org/​rsbl/​article-pdf/​doi/​10.​1098/​rsbl.​2026.​0309/​6175119/​rsbl.​2026.​0309.​pdf
tic Survey (NERC) user
r 2026
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Figure 2. Representative Southern Ocean isopods collected during expedition JR15005. (A) Natatolana sp., (B) Natatolana cf. oculata (Vanhöffen, 1914), (C) Ceratoserolis 
meridionalis (Vanhöffen, 1914), (D) Serolella bouvieri (Richardson, 1906), (E) Notopais sp., (F) Vanhoeffenura sp. Photo credit: JR15005 expedition participants. 

h l depths of the study region ( figure 1B ). Environ- 
m rine species distribution modelling’ Bio-ORACLE 

( CLE data are based on a combination of satellite 
a ncluded long-term annual mean values (averaged 

a ed of salinity, temperature (◦C), chlorophyll-a (mg 
m centration (mol m− 3 ), nitrate (mol m− 3 ), primary 
p − 3 ), sea-ice concentration (fractions from 0.1 to 1, 
w completely ice-covered area). Environmental vari- 
a arson correlation coefficient through the software 
P g variables were removed: silicate, nitrate, phos- 
p vironmental variables was investigated by means 
o ckage ‘ggpubr’ [21 ]. A redundancy analysis (RDA) 
a  transformed species abundance data to assess the 
p species richness, respectively. Before analyses, en- 
v ondence analysis (DCA) was performed to assess 
w s to evaluate whether a Hellinger transformation 
w is was greater than 2 (5.25 SD), therefore Hellinger 
t  a Monte Carlo permutation test was performed to 
t mental variables and identify the most significant 
a  distribution, in case of over-dispersion the model 
w

Downloaded fro
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istory and recent community patterns) expeditions from bathyal and abyssa
ental data were downloaded from the ‘global environmental datasets for ma

 http://www.bio-oracle.org/ ) [19 ] with a resolution of 5 arcminutes. Bio-ORA
nd in situ observations, for a 14-year period (2000–2014). Layers downloaded i
cross all months over the entire 14-year period) at the maximum depth record
− 3 ), silicate (mol m− 3 ), current velocity (ms− 1 ), iron (μmol m− 3 ), oxygen con
roduction (g m− 3 d− 1 ), phosphate (mol m− 3 ), phytoplankton biomass (μmol m
here 0.1 indicates very low concentration/absence of sea ice and 1 indicates a 
bles were checked for collinearity using a Draftsman plot analysis based on Pe
RIMER 6 [20 ]. According to the Pearson correlation coefficient, the followin
hate, phytoplankton biomass. The correlation between isopod species and en
f Pearson correlation analyses using the statistical software RStudio and the pa
nd a generalized linear model analysis (GLM) were performed on square root
hysical driving variable shaping isopod species community composition and 

ironmental variables were normalized for comparability. A detrended corresp
hether taxa responses were best explained by unimodal or linear models, thu
as needed [22 ,23 ]. DCA analysis showed that the gradient length of the first ax

ransformation was performed on the dataset to perform the RDA. In addition,
est the significance of the variation in species composition explained by environ
xis/axes (999 permutations). GLMs analysis was initially fitted with a Poisson

as subsequently fitted with a quasi-Poisson 

m royalsocietypublishing.​org/​rsbl/​article-pdf/​doi/​10.​1098/​rsbl.​2026.​0309/​6175119/​rsbl.​2026.​0309.​pdf
tic Survey (NERC) user
r 2026
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Table 1. RDA analysis on benthic isopod species from the continental shelf and slope of the Weddell Sea. 

partitioning of variance 

iner tia propor tion 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

total 0 .8085 1 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

constrained 0 .3374 0 .4173 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

unconstrained 0 .4711 0 .5827 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

eigenvalues and their contribution to the variance 

importance of components 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

RDA1 RDA2 RDA3 RDA4 RDA5 RDA6 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

eigenvalue 0 .1234 0 .05261 0 .04007 0 .02633 0 .02267 0 .0224 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

proportion explained 0 .1527 0 .06508 0 .04956 0 .03256 0 .02804 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

cumulative proportion 0 .1527 0 .21777 0 .26733 0 .29989 0 .32793 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

biplot scores for constraining variables 

RDA1 RDA2 RDA3 RDA4 RDA5 RDA6 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

depth − 0 .29229 − 0 .12082 0 .22178 0 .4524 − 0 .28958 − 0 .55053 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Chl- a − 0 .32279 0 .56316 − 0 .18915 0 .28004 0 .17979 0 .50116 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

cv − 0.50894 − 0 .279 0 .41653 − 0 .41117 0 .03733 − 0 .42775 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

O2 − 0 .08966 0 .58446 − 0 .60217 − 0 .04533 0 .27598 0 .16345 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fe 0 .22983 0 .14628 − 0 .54425 − 0 .11074 0 .31719 0 .34537 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

pp 0 .35732 0 .12019 0 .07915 0 .13504 0 .24813 0 .30047 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

sal − 0 .0979 − 0 .05678 − 0 .26161 0 .01151 0 .23913 0 .31883 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

temp − 0 .33216 − 0 .37322 0 .54346 0 .01639 − 0 .36351 − 0 .01977 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

ice − 0 .21434 0 .65379 − 0 .39022 0 .16664 − 0 .43679 0 .2141 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Abbreviations: Chl- a = chlorophyll-a, cv = current velocity, O2 = oxygen, Fe = iron, pp = primary productivity, sal = salinity, temp = temperature, ice = sea-ice concentration. Bold 
values indicate the highest biplot scores for the first and second RDA axes. 

r  [24 ]. While the RDA analysis was done using the 
l on ‘glm ()’ on the same software. Species records 
a co et al. [26 ]. 

3
T llected on the shelf and upper slope of the South 
A total number of 214 species. 

 sampling stations characterized by higher sea-ice 
c , 36 species (53%) are species new to science and 51 
s tions, including endemics. Notably, there is some 
o a present a limited geographic distribution. While 
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egression. To check for over-dispersion, the library ‘qcc’ for RStudio was used
ibrary ‘vegan’ on RStudio [25 ], the GLMs analysis was done using the functi
nd environmental data are available from the Polar Data Centre under Di Fran

. Results and discussion 

he material analysed for our study comprised 37 epibenthic sledge samples co
tlantic sector of the SO (including the Weddell Sea) ( figure 1B ), comprising a 
Among the 214 species recorded, 32% (68 species) were exclusively found in

oncentrations (more than 0.5 fraction); within this exclusive group of 68 species
pecies (75%) are rare species characterized by very limited geographic distribu
verlap between these two latter categories, as most of the newly discovered tax
m royalsocietypublishing.​org/​rsbl/​article-pdf/​doi/​10.​1098/​rsbl.​2026.​0309/​6175119/​rsbl.​2026.​0309.​pdf
tic Survey (NERC) user
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t cal of deep-sea environments (e.g. sampling bias), 
t ggest a substantial vulnerability [1 ,7 ,11 ]. Stations 
w r number of specialist species, e.g. four different 
s  seven selective deposit-feeding species belonging 
t sidae and no Macrostylids were found at stations 
o showed a higher abundance of specimens of the 
s ed to stations with low sea-ice concentration (137 
a  with higher abundances of sponges in areas with 
h vely correlated with the percent cover of sponges 
i ons of sea ice and especially those in the southeast 
W  known only from their type locality. 

(
W rimary production did not show any correlation 
w  increasing sea-ice coverage ( figure 1D ). 

ntal variables that best explained the variation in 
i ariance and the permutation test showed that the 
fi ctively). These latter explained 15.3% and 6.5% of 
t

) and chlorophyll-a ( p = 0.011, 15.0% of deviance 
e pling sites. The model was first fitted with Poisson 
d ispersion test p < 0.05), therefore the model was 
s

position shown in these results is explained by 
s mics on ecosystems are not very well understood 

[ eased, triggering phytoplankton blooms and thus 
e tter available for the benthos [28 –30 ]. In addition, 
s water column that in turn enhances the amount of 
l

lling 763 nominal species), the positive correlation 
b  ). Especially the southeast Weddell Sea, a region 
c ods than the northern region around the Antarctic 
P iance explained), iron ( p = 0.002, 17.7% of deviance 
e  depth ( p = 0.003, 14.5% of deviance explained) as 
t stations. The influence of iron on species richness 
i mulate in sea ice and are released when this latter 
b Polar waters during seasonal melting [33 ]. In the 
S bility of iron [33 ,34 ], thus large pulses of seasonal 
i ater column [35 ]. Despite the low sedimentation 
r ic matter reaching the seafloor [39 ,40 ], it has been 
s ct to phytodetritus pulses [41 –43 ]; although other 
s ty changes [45 ]. It has been assumed that deep-sea 
i  rely on seasonal pulses of fresh phytodetritus on 
t s increases with depth, reaching the highest value 
o

 the composition and abundance of SO peracarid 

o  first time the link between species richness and 

s f isopod diversity. Higher diversity and number 
o tions provide valuable insight to predict the con- 
s unities. In addition to its role in shaping primary 
p rough physical disturbance processes such as ice 
s  same time, other environmental factors such as 
d le in structuring benthic communities at regional 
s

h, owing to changes in food availability and food- 
w  while favouring more generalist or opportunistic 
s l variability and alters trophic pathways [50 ]. In- 
c  also influence species richness, as predicted by 
e gher productivity may alter the composition and 

b ice zone [51 ,52 ]. 
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he rarity of some taxa might be partially influenced by sampling artefacts typi
he pronounced endemism and specialization of the Southern Ocean benthos su
ith higher sea-ice concentration (more than 0.5 fraction) presented a highe
pecies of the selective phytodetritivore family Macrostylidae Hansen, 1916 and
o the family Ischnomesidae Hansen, 1916, while only one species of Ischnome
f lower sea-ice concentrations. Locations with higher sea-ice concentrations 
pecialist, sponge-commensal family Dendrotionidae Vanhöffen, 1914 compar
nd 7 specimens, respectively). This might be explained by a possible correlation
igher sea-ice concentrations. A longer sea-ice duration was found to be positi
n seasonally ice-covered areas [27 ]. In our study, areas with higher concentrati
eddell Sea showed the highest number of rare species and species previously

a) Sea-ice influence on isopod species richness and composition 
hile salinity, temperature, chlorophyll-a, current velocity, iron, oxygen and p
ith isopod diversity ( figure 1C ), the number of isopod species increased with
The RDA analysis identified current velocity and sea ice as the environme

sopod species composition ( table 1 ). Canonical axes explained 41.73% of the v
rst and second axes were the most significant ( p = 0.001 and p = 0.002, respe
he variance, respectively ( table 1 ). 

The GLMs model showed sea ice ( p = 0.0025, 23.2% of deviance explained
xplained) as the main variables driving species richness variations among sam
istribution, however the latter indicated over-dispersion of the data (over-d
ubsequently fitted with a quasi-Poisson regression. 
The influence of sea-ice concentration on isopod species richness and com

ea-ice dynamics and its seasonal break-up, an important result, as these dyna
14 ]. When sea ice melts, large quantities of sympagic algae and animals are rel
nhancing the productivity in the water column and the amount of organic ma
ea-ice melting processes release freshwater, increasing the stratification of the 
ight availability and thus primary productivity [31 ,32 ]. 

When analysing the expanded dataset including the ANDEEP samples (tota
etween species richness and sea-ice concentration was confirmed ( figure 1E
haracterized by high sea-ice concentration, had a much higher diversity of isop
eninsula. GLM analysis indicated sea-ice concentration ( p < 0.001, 25.1% of dev
xplained), primary productivity ( p = 0.004, 14.8% of deviance explained) and
he main environmental variables driving species richness between sampling 
s related to the aforementioned sea-ice dynamics. Large quantities of iron accu
reaks up and melts; sea ice is considered as the dominant source of iron in 
outhern Ocean, the growth of phytoplankton is strongly limited by the availa
ron inputs through sea-ice melting highly increase the productivity in the w
ate that characterizes the deep sea [36 –38 ] and the reduced quantity of organ
hown that deep-sea benthic communities from abyssal depths can quickly rea
tudies did not show a clear response [36 ,44 ] or showed that benthic functionali
sopod species probably present an opportunistic feeding strategy and mainly
he seafloor [46 ]. Moreover, in the Southern Ocean the number of isopod specie
f diversity at about 2000–4000 m [47 ]. 
A recent study identified sea-ice concentration as the main driver shaping

rders [48 ]. Our new findings expanded these analyses and identified for the
ea ice in the SO, highlighting the important role that sea ice plays as driver o
f rare/specialist isopod species found in areas with higher sea-ice concentra
equences that a reduction in sea-ice extent would have on SO benthic comm
roduction and food availability, sea ice can influence benthic ecosystems th
couring, which alters seabed characteristics and habitat structure [45 ]. At the
epth, substrate type and habitat heterogeneity may also play an important ro
cales and in shallower waters [45 ]. 
Changes in sea-ice extent strongly affect the benthic fauna living underneat
eb structure [9 ,27 ,49 ]; such changes may disadvantage highly specialized taxa
pecies, as sea-ice loss modifies resource availability, increases environmenta
reased abundances and biomass associated with reduced sea-ice cover may
cological theory linking productivity and diversity [51 ,52 ]. In this context, hi
alance of the benthic community, excluding species better adapted to the sea-
m royalsocietypublishing.​org/​rsbl/​article-pdf/​doi/​10.​1098/​rsbl.​2026.​0309/​6175119/​rsbl.​2026.​0309.​pdf
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ons characterized by high sea-ice concentrations 
( ic primary production but also by ocean currents 
[ lynyas and marginal ice zones via water masses 
s plays a key role in feeding deep-sea communities 
[  alteration or reduction of polynyas and marginal 
i inks. Reduced sea ice may initially increase light 
a and timing of organic matter inputs [9 ,27 ]. Deep- 
s eproductive strategy (lack of pelagic larvae), low 

m igrate toward more favourable regions in case of 
a benthic hotspots at high risk of biodiversity loss. 

orted by Pineda-Metz et al. [5 ]: the negative cor- 
r dance and biomass of the benthos, at decreasing 
l d biomass increase with a total gain of blue car- 
b ea-ice extent in a study that investigated at genus 
l rom the Western Antarctic Peninsula [55 ]. How- 
e cies level, investigating with the Atlantic sector 
o  where short-time environmental changes cause 
s  short-term changes in the overlying water col- 
u s in benthos is very compelling and concerning. 
O eaten the striking diversity of SO benthic isopod 

c
ce will eventually affect the entire SO, threatening 

b  the SO [57 ]. In a warming climate scenario (RCP 

8 eddell Sea could record the greatest sea-surface 
t  [59 ]. More recently, despite the gradual increase 
o large multi-year variability, with a recent strong 
d  loss of sea ice clearly endangers the biodiversity 
o lso documented for the West Antarctic Peninsula 
[

NDEEP samples were from bathyal and abyssal 
d ice can impact even the deepest parts of the SO. 
C eep Weddell Sea below 2000 m is five times that 
o ce coverage which can modify the heat loss from 

o  between sea ice and deep-ocean circulation [62 ] 
a g SO benthos [53 ,63 –65 ]. In the SO, the ANDEEP 

e evels of diversity between 500 and 2000 m similar 
t isphere [54 ]. The SO is a hotspot of biodiversity, 
i % of global ocean surfaces [66 ]. Some of the SO 

m ple SO holothurians represent 10% of the world ́s 
h rich on the Planet, with 20% of their total known 
s  climate change might disrupt the core habitats of 
s , for instance 70% of gastropods and pycnogonids 
a  main area investigated in this study (the Weddell 
S change and its consequent warming, 79% of SO 

e ly, it is worth mentioning that the SO diversity is 
p s sampled during the ANDEEP expeditions in the 
S  possible to conclude that the remarkable species 
r  is highly threatened by climate change and the 
c

E  committee. 
D nmental data and the biodiversity data for the analyses 
o ographic coordinates, depth and sampling gear details 
( nts per station) for the 214 benthic isopod species anal- 
y ch sampling location. 
D
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a ting. 
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The high isopod richness and abundance observed in the investigated regi
e.g. the Filchner Trough area), are probably sustained not only by local sympag
53 ]. The transport of organic matter and nutrients from highly productive po
uch as warm deep water (WDW) and modified warm deep water (MWDW), 
53 ]. Future modifications induced by climate change in sea-ice cover (including
ce zones) and deep-ocean circulation threaten to alter these essential trophic l
vailability, however shifts in sea-ice seasonality are likely to alter the quality 
ea isopod species are very limited in their mobility, owing to their brooding r
etabolic rates and stenothermy [7 ,54 ]. As a consequence, their capacity to m
lterations of the food input is extremely limited, putting vulnerable deep-sea 
The prominent influence of sea ice on benthic communities was recently rep

elation between sea ice and primary productivity directly influences the abun
evels of sea-ice coverage and increasing primary productivity abundances an
on. In 2021, Lin et al. showed the decline of plankton diversity with reduced s
evel a 5-year dataset of seven different genera of phytoplanktonic diatoms f
ver, our findings expand these analyses to the benthic ecosystem and to spe
f the Southern Ocean a much larger area. In contrast to the pelagic ecosystem
hifts in community composition [56 ], the benthic species are less affected by
mn. The signal of isopod diversity declines with reducing ice concentration
ur results suggest that a reduction in sea-ice concentration would highly thr
ommunities. 
Future projections of climate warming suggest that this strong decline in sea i

oth regional and global biodiversity, owing to the high levels of endemism in
.5), the SO could lose half of its sea-ice cover by 2100 [58 ] and the Eastern W
emperature anomaly with respect to preindustrial values (up to 3◦C by 2100)
f sea ice in the Weddell Sea since the early 1980s, long-term trends showed 

ecline beginning in 2016 [31 ,60 ]. Our findings suggest that this warming and
f the fauna living on the Weddell Sea continental shelf and in the deep sea as a
45 ]. 
Almost half of the sampling locations in the extended dataset including A

epths (between approx. 1500 and 4900 m), suggesting that the retreat of sea 
hanges are currently affecting the deep sea, the mean warming rate of the d
f the global ocean [61 ]. A possible reason to this trend is the variation in sea-i
cean to atmosphere and alter radiative fluxes. Recent studies showed the link
nd identified water masses and currents as important physical drivers affectin
xpeditions showed high level of isopod species diversity down to 5000 m and l
o those present in many temperate and tropical slopes in the Southern Hem
t hosts 5% of the global marine biodiversity, despite representing only the 8
arine invertebrates highly contribute to the world ́s species richness, for exam
olothuroid species diversity, SO pycnogonids are probably the most species-
pecies found exclusively in Antarctic and/or Sub-Antarctic waters [67 ,68 ] and
pecies living there [69 ]. SO benthic fauna shows remarkable level of endemism
nd 88% of peracarid amphipods are endemic of the SO [66 ,70 ]. In this latter, the
ea) is the region with the highest level of endemism [66 ]; owing to climate 
ndemic species face a reduction in suitable temperature habitat [11 ]. Ultimate
robably still underestimated, for example more than 85% of the isopod specie
O deep-sea were new to science [54 ]. In light of this and of our findings, it is
ichness of the continental shelf and deep sea at the highest latitudes in the SO
onsequent loss of sea ice. 
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