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ABSTRACT: Sponge spicule sea-bed cover was analysed and related to the mega- and macroepibenthos along one video-recorded and one still image sea-bed transect in the southeastern
Weddell Sea, Antarctica. The origin of the patterns of spicule mats and their associated fauna was
conceptually reconstructed and interpreted to be a result of iceberg scouring as the main driver.
Spicule beds were not necessarily correlated with a diverse fauna, which was shown by a comparison of sponge spicule cover and macrobenthic and megabenthic abundance and biodiversity. On
the one hand, this result might reflect slow recolonisation processes, especially by the megabenthos. On the other hand, local maximum densities of adult sponges were found where spicule
cover was highest. A simple numerical model revealed that biogenic silicon converted from living
to dead material by iceberg scouring accounts for 0.69% of the global silicon flux to the deep sea,
which originates from primary production. However, the sponge-derived silicon sequestration
occurs over only 2.4 ‰ area of the global ocean. On the Antarctic continental shelf, flux rates of silicon that originated from primary production are similar to or twice as high as silicon sequestration
due to iceberg-induced sponge mass mortality.
KEY WORDS: Macro-epibenthos · Mega-epibenthos · Disturbance · Iceberg · Global marine
silicon cycle
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Sound knowledge of ecological driving forces is
essential to understand the functioning of marine
ecosystems and to develop projections for their
future in a changing environment (Barnes & Peck
2008, Convey et al. 2010, Brandt & Gutt 2011). Within
Antarctic macrobenthic and megabenthic communities, a surprisingly high spatial heterogeneity (Gutt et
al. 2010) can cause difficulties for generalisation,
especially for bioregionalisation approaches (Grant
et al. 2006) or species distribution models (Gutt et al.
2012). Generally, well-known large-scale drivers of
benthic systems such as sediment and water mass
characteristics only weakly correlate with faunistic
patterns on the Antarctic shelf (Gutt 2000, 2007,

Cummings et al. 2010). However, Antarctic-specific
environmental factors, such as oligotrophic currents
from under the ice shelf and ice scouring, fractioning
the shelf habitat, can explain biodiversity hotspots
and coldspots (Dayton & Oliver 1977, Barry & Dayton
1988, Gutt & Starmans 1998, Thrush et al. 2006, Gutt
& Piepenburg 2003, Barnes & Conlan 2007, Smale
2007). Sponges can contribute to a high temporal
variability and complexity of benthic assemblages
since different species obviously recruit and grow at
extremely different rates (Dayton 1989, 1990). In
addition, recent structures might also mirror longterm colonization processes, e.g. incomplete recolonisation since the end of the past glaciation, when
shelf areas became exposed due to the retreat of
grounded ice shelves. Such developments cannot be
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directly observed and are understood only in a few
cases if at all, but some can be reconstructed (see e.g.
Post et al. 2007, Thatje et al. 2008, Barnes & Kuklinski
2010, Barnes & Hillenbrand 2010).
Sponges are spread all around the Antarctic continent, especially in water depths between 30 and
300 m and are regionally dominant components of
benthic communities (Koltun 1968, Barthel 1992, Janussen & Tendal 2007, Gutt 2007). They can shape
the habitat through various processes, e.g. by providing a microhabitat for a variety of species, which they
attract, or by providing food for predators and thus
forming the basis for a complex trophic structure
(Dayton et al. 1974, Gutt et al. 1996, Gutt & Schickan
1998, Hogg et al. 2010). Abundant species of Demospongiae and Hexactinellida demand at least locally
high amounts of silicon for spicule synthesis (Maldonado et al. 2011).
Two sites in the Eastern Weddell Sea were surveyed along one ROV video recorded transect and
one still image transect, in which sea-bed images
show an obvious spatial heterogeneity of dead and
living sponges and their associated fauna. The first
aim of this study was a spatially explicit analysis of
these assemblages, including faunistic bulk parameters, and of the amount of dead sponge material. The
results provided the basis for a reconstruction of ecological processes that cause the fragmentation of the
Antarctic benthic system. The dead sponge material
was correlated with the megabenthic and macrobenthic diversity to check whether sponge spicules
attract or host a high benthic biodiversity as hypothesised or shown by Dayton et al. (1970) and Barthel
(1992), for example.
The second aim was related to the cycle and fate of
marine silicon (see e.g. Geibert et al. 2005). In this
context, sponges had been ‘overlooked’ in the past,
but recent calculations combined with experiments
demonstrated that their contribution to the marine
silicon cycle is generally not negligible (Maldonado
et al. 2005, Krautter et al. 2006, Chu et al. 2011, Maldonado et al. 2011). When siliceous Demospongiae
and Hexactinellida grow, they use silicon to synthesize their spicules, and thus act as a sink within the
pelagic silicon cycle. When they die, their spicules
are exposed to the ambient bottom water; however,
spicules dissolve at a much lower rate than diatom
frustules (Maldonado et al. 2005, Chu et al. 2011). As
soon as they are buried in the sediment and the pore
water is saturated, especially due to the fast dissolution of diatom skeletons, further dissolution will stop
and most of the sponge-derived biogenic silica will
not be recycled for primary production. As a conse-

quence, mass mortality of Antarctic siliceous sponges
and successive accumulation of biogenic silicate in
the sediment generally contributes to the long-term
marine silicon cycle, e.g. centuries, millennia and
longer. With this background, sponge-derived silicon
converted to spicule mats by iceberg scouring and
related processes was quantified in a simple numerical model. This rate was compared with the global
and regional sequestration of silicon by diatoms,
which deposit at the sea-bed. The results presented
here can be used in the future to refine models of the
global and regional marine silicon budgets.

MATERIALS, METHODS AND ASSUMPTIONS
During the 2003 ANTXXI/2 (PS65) Eastern Weddell Sea expedition, 2 transects were recorded from
the RV ‘Polarstern’, one using ROV video recording
and the other using conventional still photographs.
For the cruise report, see Arntz & Brey (2005).
The second part of the ROV video transect at
Stn 184, which was 910 m long and situated in
261−228 m water depth between 70.93930° S,
10.509967° W and 70.93328° S, 10.49060° W was analysed. At the beginning of this ROV transect a disturbance experiment was performed a few days prior to
the video observations, and the results presented
here should be least biased from effects of the disturbance experiment. Transect length was calculated
from minute-wise ROV positions obtained by the
POSIDONIA tracking system in combination with the
ship’s GPS (repository reference including metadata
of the study site: see Gutt et al. 2011). All recognisable organisms ≥2 cm were considered as megaepibenthos sensu Gage & Tyler (1991), and were
identified to the lowest possible systematic level and
counted in 5-s intervals. The speed of the ROV
resulting from the GPS positions and time elapsed
was smoothed using a running mean covering 18
time intervals because the extent of the variations of
speed were not plausible. A variable number of such
intervals were summed to obtain roughly equallength (~10 m) transect sections to present the lowest
spatial unit for the analysis. Eighty percent of these
sections ranged between 9 and 11 m. Exceptions
were made if one 10 m section had covered the transition between 2 discrete habitats characterised by
different levels of spicule cover. In such cases, sections were shortened to a minimum of 5.9 m or
extended to a maximum of 14.4 m to form sections
that covered only one relatively homogenous habitat.
The width of the analysed strip was estimated to be
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80 cm based on 2 parallel laser beams producing a
scale in the image. As a consequence, each 10 m
transect section represented an area of ~8 m2.
The photographed (still image) transect was situated at Stn 247-1 of the same expedition at a water
depth between 70 and 114 m. The total transect
length between 71.12148° S, 011.47274° W and
71.12269° S, 011.47981° W was 322 m, calculated
from minute-wise ship’s GPS positions (repository
reference including still images and metadata: see
Gutt et al. 2007). Still images were taken vertically
from the drifting ship. The camera (Photosea 70)
and flash were triggered by a weight, hanging at
constant distance below the camera. Thus the area
photographed can be assumed to be relatively
constant, representing 1 m2. Images were groundtruthed during one cast using a configuration with
a trigger weight of known size in the image. A total
of 45 still images were selected for analysis of the
habitat at a constant level of quality. Based on the
high resolution of the images (70 mm film, ISO 64)
in combination with the area covered, all recognisable organisms ≥2 mm were identified to the
lowest possible systematic level and defined as
macro-epibenthos. Sixty-one such taxonomic units
were identified from the videos and 75 from the
still images. Consequently, the megabenthos and
macrobenthos at Stns 184 and 247, respectively,
overlap in terms of size considerably, but not
completely.
In both data sets the amount of visible sponge
spicules deposited on the sea-bed was estimated by
eye and classified into 4 levels of spicule cover: <1,
1−20, 21−50 and 51−100%. For cases with high
amounts of epibenthos, the values refer only to the
visible sediment surface. For calculations and illustrations, the means of these ranges were used.
Applying the Primer v6 software package (Clarke
& Warwick 2001), multidimensional scaling (MDS)
was performed for ordination of faunistic data,
ANOSIM was used to check data for differences in
taxonomic composition between levels of spicule
cover, and dominance plots were generated to display patterns of diversity (in a broad sense). Binomial and linear regression models were calculated
using Microsoft Excel; at Stn 184, only levels of
spicule cover ≥1% were considered for such calculations because the <1% spicule cover level
was obviously a fresh iceberg scour and represents
a principally different and non-mature microhabitat (see ‘Discussion’). This was not assumed for
Stn 247. Tests for significance of correlations were
carried out according to Sachs (2002).
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For the calculation of sponge-derived silicon
sequestration, the following sources of data were
used (see also Table 1): (1) primary production rate
on the Antarctic continental shelf calculated by
Arrigo et al. (2008), (2) silica production rate on the
Antarctic continental shelves (Leynaert et al. 1993),
(3) silica flux to the sediment in the ‘entire South
Atlantic’ (Geibert et al. 2005), (4) global rate of biogenic silica production (Nelson et al. 1995), (5)
sponge mass on the Antarctic shelf and silicon content of sponges (see Table 1), and (6) sponge mortality due to iceberg impact (Gutt & Starmans 2001,
present study). All values were converted to rates of
silicon mass per year per square metre, and total silicon mass per year for the entire study area. Some of
these results, as well as our own and external
assumptions, are described here in more detail. In
the calculation based on values from Arrigo et al.
(2008), a Si:C ratio of 0.4 was used because it refers to
particulate organic matter, which is assumed to be a
better proxy for total primary production than the
ratio of 0.45 determined by Spencer (1983) for only
diatoms. The 2% burial of phytoplankton-originated
Si in the sediment was averaged from the conclusion
of Leynaert et al. (1993) ‘that no more than 1% of the
silica produced annually by phytoplankton in the
upper water column reaches a depth of 800 m’, the
assumption that this value for the Weddell Sea is
exceptionally low (Leynaert et al. 1993), and the
value of 3% calculated for the global deposition in
the deep sea (Nelson et al. 1995). For the calculation
of the sponge-derived Si, an extrapolation of the
locally known standing stock to the entire Antarctic
shelf was necessary. Sponges occur almost everywhere around the continent, but their abundance can
vary considerably. These were the basic conditions
used to assume that the total standing stock of silicarich sponges on the entire shallow shelf is 10% of
that of a given sponge assemblage. The calculation of
the area for the shallower Antarctic shelf between 0
and 300 m depth is based on the 2.97 × 106 km2 not
covered by ice shelves (Clarke & Johnston 2003) in
combination with the proportions of 100 m depth
classes published by Griffiths et al. (2011). The 0 to
300 m depth range is considered to be potential habitat for sponges and it comprises the main area exposed to iceberg impact; deeper scours are extremely
rare. A small strip of water depth of less than ~30 m
where sponges are quite rare has been neglected
because of its small area compared with depths
between 30 and 300 m. The sea-bed disturbance rate
of each 1 m2 affected once in 340 yr (Gutt & Starmans
2001) was first converted to 2611 km2 yr−1 using the

173 × 109 kg Si yr−1

135 × 109 kg Si yr−1

2.1−5.9 g Si m−2 yr−1

0.919 g Si m−2 yr−1
⏐
2.97 × 1012 m2 d

2.04 g Si m−2 yr−1
⏐
2.97 × 1012 m2

102 g Si m−2 yr−1
⏐
2% on sea-bedb

11.9 × 109 kg Si yr−1 2.73 × 109 kg Si yr−1 6.06 × 109 kg Si yr−1

0.66 g Si m−2 yr−1
⏐
18 × 1012 m2

45.97 g Si m−2 yr−1
⏐
2% on sea-bedb

0.930 × 109 kg Si yr−1

1.068 g Si m−2 yr−1
⏐
0.87 × 1012 m2 d,h

<300 m = 0.87 × 106 km2 d,h
0.3% directly disturbed yr−1 i
plus 0.3% indirectly
disturbed yr−1 c

⏐

0.178 kg Si m−2

0.381 kg SiO2 m−2
⏐
Si: SiO2 mass ratio =
28.1:60.1

1.27 kg sponge WW m−2
⏐
30% = ash weight = SiO2 f,g

12.7 kg sponge WW m−2
in sponge assemblagese
⏐
Sponge:other
assemblages = 10%c

Present study

f

Copin-Montegut & Copin-Montegut (1978); bAveraged from Nelson et al. (1995) and Leynaert et al. (1993); cAssumption; dClarke & Johnston (2003); eGerdes et al. (2003);
Barthel (1995); gMaldonado et al. (2005); hGriffiths et al. (2011); iGutt & Starmans (2001)

a

0.478 g Si m−2 yr−1
⏐
362 × 1012 m2

0.017 mol Si m−2 yr−1 0.075−0.210 mol Si m−2 yr−1 0.023 mol Si m−2 yr−1
⏐
⏐
⏐
Si: 28.1 g mol−1
Si: 28.1 g mol−1
Si: 28.1 g mol−1

0.373 g Si m−2 yr−1
⏐
362 × 1012 m2

18.63 g Si m−2 yr−1
⏐
2% on sea-bed b

1.636 mol Si m−2 yr−1 3.63 mol Si m−2 yr−1
⏐
⏐
Si: 28.1 g mol−1
Si: 28.1 g mol−1

C: 12 g mol−1

⏐

109 g C m−2 yr−1

Geibert et al. (2005)
Leynaert et al.
Arrigo et al. (2008)
total silica flux to
(1993) Antarctic Antarctic continental
the sediment,
continental shelves
shelf primary
S. Atlantic
silica productivity
production

0.663 mol Si m−2 yr−1
⏐
Si: 28.1 g mol−1

Pondaven et al. (2000)
Polar Front zone −
permanently open
ocean zone

3.5 mol SiO2 m−2 yr−1 9.08 mol C m−2 yr−1
⏐
⏐
molar Si:C ratio
Si:SiO2 mass ratio =
28.1:60.1
for POM = 0.4a

Tréguer et al.
(1995) global

200−280 × 1012 mol Si yr−1
⏐
World’s oceans: 362 × 10 6 km2

Nelson et al. (1995)
global primary
production

Table 1. Rates of silicon deposition on the sea-bed (relatve rate: grey shading; absolute rate: bottom line) calculated from primary production, silicon flux to the sediment and
sponge mortality due to iceberg scouring for different spatial scales and regions. Conversion factors are italicised. WW: wet weight

60
Mar Ecol Prog Ser 480: 57–71, 2013

Gutt et al.: Antarctic sponge spicule mats

calculation of the area for the shallow shelf, and then
to 0.300% area per year. Mortality within a scour is
assumed to be 100%, and in areas to the left and
right, in total twice as large as the proper ice scour, is
assumed to be 50%. Mortality left and right of the ice
sour can be caused indirectly, e.g. by extremely high
sedimentation during iceberg scouring or bulldozing.
These assumptions result in a total mortality rate of
0.600% area per year. Dissolution of sponge-derived
silicate until its burial in the sediment is neglected
based on observations and conclusions on long-term
processes by Krautter et al. (2006), and results from
experiments showing high resistance to dissolution
after periods up to 8 mo for selected species by Maldonado et al. (2005) and Chu et al. (2011). According
to Barthel (1995), sponge ash weight averaged for
some of the most abundant species/genera, such as
Rossella, Anoxycalix (= Scolymastra), Cinachyra, and
Mycale on the Antarctic shelf, comprises 30% of their
wet weight, and according to Dayton et al. (1974) and
Maldonado et al. (2005), sponge ash weight consists
almost completely of biogenic silica. Barthel (1995)
also provided data from Dayton et al. (1974) and
McClintock (1987) that show similar dry weight:
ash weight ratios for McMurdo Sound. However,
the wet weight:dry weight ratios of Dayton et al.
(1974) were much higher than those of Barthel
(1995).

RESULTS
The distribution of the megabenthos along the
video-transect (Stn 184) shows sections with a spongespicule cover between 1 and 100% interrupted by 3
areas without any visible spicules (Fig. 1a). Abundances of benthic bulk groups or key taxa varied considerably within and between sections with different
levels of spicule cover and among animal groups. The
500−800 m segment of the transect lacked spicules
while the 480−500 m segment had 51−100% cover.
There was one large area without spicules. In front of
it the amount of spicules was highest not only in terms
of sea-bed cover (≤100%) but also in terms of dead
sponge material, which was piled up to a height of
>1 m. The proportion of mobile species was generally
low, especially in areas devoid of spicules. Large
hexactinellid sponges were rare in these sections and
small specimens of this taxon were underrepresented.
The demosponge Cinachyra barbata s.l. was very
abundant only in the last 100 m of the transect
(Fig. 1a). Recently it was discovered that this species
deviates in some important morphological details
from the original description (M. J. Uriz, pers. comm.).
As a consequence, it is called C. barbata (s.l.) here.
The still images at Stn 247 depict a similar distribution (Figs. 1b & 2). In contrast to the video transects,
all sponges from the still image transects were ana-

a
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Fig. 1. Sponge spicule sea-bed cover and abundances of systematic/functional bulk groups analysed along transects using
imaging methods. (a) Megabenthos analysed by sea-bed video (arrow: assumed scour mark), (b) macrobenthos analysed
along a still image transect
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Fig. 2. Selected sea-bed still images along the transect at Stn 247, showing different levels of sponge spicule sea-bed cover
and different macrobenthic assemblages. The abundant spherical greenish-grey sponge had previously been described from
catches and images in the same area of investigation as Cinachyra barbata s.l. For uncertainties in identification, see ‘Results’.
All images represent 1 m2

lysed as a bulk group because of a lack of a clear
dominance of one key species. In gaps with a low
spicule cover of <1%, living sponges were comparably rare; abundances of mobile and other large sessile taxa varied more within these gaps than outside
these gaps.
Among the videotaped mega-epibenthic taxa (Stn
184), weak but significant binomial regressions between decreasing abundances of small and large
hexactinellids and increasing levels of spicule cover

were found (Fig. 3a). The demosponge Cinachyra
barbata s.l. reached high abundances of up to 18 ind.
8 m−2 only at the 1−20% level of spicule cover at the
end of the transect. Abundance of photographed
sponges was positively correlated with spicule cover
(Fig. 3b). Sessile organisms other than sponges
(video, Stn 184; Fig. 3a) had an optimum at 21−50%
spicule cover, but no correlation was found for the
photographed sessile animals other than sponges
(Stn 274). Mobile taxa were evenly abundant among
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Megabenthos (video, Stn 184)

a

Macrobenthos (still imagery, Stn 247)

b

Hexactinellida >10 cm tall

Sessile, other than sponges

y = 0.001x 2 – 0.016x + 1.590, r2 = 0.108

y = –0.003x2 +0.213x + 4.280, r 2 = 0.144
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Fig. 3. Relationships between systematic/functional bulk groups and sponge spicule sea-bed cover. (a) Megabenthos, (b)
macrobenthos

the spicule-cover levels at both stations, with much
higher abundances and variance found on the still
images than from the videos. Correlation between
organism abundance and spicule cover at both stations was not significant (α = 0.05).
Diversity (in a broad sense) showed contrasting
results for the mega- and macro-epibenthos (Fig. 4).
Richness of mega-epibenthic taxa was weakly but
significantly correlated with spicule cover (Stn 184;
Fig. 4a). The negative slope, however, and thus a
decreasing trend with increasing spicule cover, was
not significant, whilst it was significantly positive for
the macro-epibenthos (Stn 247; Fig. 4b). The dominance patterns for the mega-epibenthos (Stn 184)
were quite even at all levels of spicule cover, starting
with a relatively low dominance of approximately
20% for small hexactinellid sponges, the most abundant taxon (Fig. 4a). Among the macro-epibenthos
on the still images, the lower spicule-cover levels had
a more uneven dominance pattern, starting with
approximately 45 and > 55% dominance for the most
abundant taxon, indicating a low diversity (Fig. 4b).

The curves for the higher spicule-cover levels resembled those of the mega-epibenthos, with a more even
relative numeric composition of the taxa.
The MDS plot for the mega-epibenthos showed a
clear separation between the micro-habitat defined
by the <1% spicule-cover level and all others, which
were comparably homogenous (Fig. 5a). The ANOSIM test revealed significant differences in species
composition within the entire data set across all
assemblages with a global R-value of 0.474 (p =
0.001). A pairwise test showed the least difference
between the 21−50% and 51−100% spicule cover
levels (ANOSIM, p = 0.024, R = 0.07) and the greatest
difference between the <1% spicule cover level and
all others (p < 0.0001, R > 0.69). The macro-epibenthic composition (Fig. 5b) was more homogenous
than that of the mega-epibenthos, with a global R of
0.266 (p = 0.002). In the pairwise test, a significant
difference was found only between the most extreme
<1 and 51−100% spicule-cover levels (R = 0.474, p =
0.001) and between the 1−20 and 51−100% levels
(R = 0.239, p = 0.044).
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Fig. 4. Dominance patterns and richness of taxa related to sponge spicule sea-bed cover. (a) Megabenthos, (b) macrobenthos

A simple numerical model might be able to
demonstrate the relevance of sponge devastation
by icebergs for the marine Si cycle at different spatial scales (Table 1). The main objective of this
approach is a comparison between turnover rates
from living to dead biogenic Si deposited at the sea
floor, derived from diatom productivity and sponge
mortality. The total amount of sponge-derived Si
deposited on the shallower shelf is 15 to 34% of
that originating from diatom production reaching
the sea-bed of the entire Antarctic shelf. The

absolute amount of dissolved Si, transferred to
sponge biomass and fixed in Antarctic shelf sediments after iceberg-induced sponge mortality,
amounts for only 0.69% of the total Si derived from
primary production and arriving at the total global
sea-bed. Standardised values per unit area (m−2) for
the Antarctic shelf amount to 50 to 100% of the
diatom-derived Si in the same area. Comparable
flux rates for larger areas, such as the South
Atlantic and the global ocean, are lower but within
the same order of magnitude.
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a

Megabenthos (video, Stn 184)

Stress: 0.15

b

Macrobenthos (still imagery, Stn 247)

Stress: 0.24
Sponge spicule coverage:

<1%

1–20%

21–50%

51–100%

Fig. 5. Multidimensional scaling (MDS) plot, showing spatial
heterogeneity or beta-diversity (species turnover) at different levels of sponge spicule sea-bed cover. (a) Megabenthos, (b) macrobenthos

DISCUSSION
Reconstruction of Antarctic benthic habitat
fragmentation by iceberg impact
The spatial distribution of the mega-epibenthos
along the video transect showed generally high total
abundances with a varying composition of a few bulk
groups of taxa and the key species Cinachyra barbata s.l., interrupted by 3 sections with different
fauna. The largest such gap, in the second part of the
transect, extended to ~300 m in length. Not far from
this, a much smaller gap was visible in the middle of
the transect and the third gap started almost at the
end of the transect. Gutt & Starmans (2001) introduced criteria to identify iceberg scours, with an
abrupt change in species composition at their mar-
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gins and the occurrence of assumed pioneer species
as the main characteristics. These criteria are fulfilled
by the 3 gaps. The almost complete absence of any
visible spicule cover, the virtual absence of intermediate-sized to large sponges (>10 cm tall), and the
absence of a plausible alternative hypothesis are
additional reasons to interpret these 3 sections as relatively recent iceberg scours.
In some parts of the video, where it was apparent
that Cinachyra barbata s.l. was present on the seabed in locally high abundances, it was difficult to distinguish between dead spicule mats and spicule
strands. The strands can belong to living sponges
and may be up to 1 m long and 10 cm wide. An
extremely large number of spicules estimated from
the videos was piled up to >1 m in height in direct
proximity to the largest iceberg scour. It was this
structure that initiated the development of a conceptual scenario on how this fragmentation could have
originated.
Before one or more icebergs impacted the sea-bed,
mega-epibenthic organisms colonized the area at
Stn 184 in a relatively homogenous manner, but the
presence of a gradient from a hexactinellid- to a
demosponge-dominated mega-epibenthos cannot be
excluded. Gutt & Koltun (1995) and Gutt & Starmans (2003) described such disturbance-independent
patchiness for sponges and other sessile and mobile
benthic animals on Antarctic shelves at all spatial
scales between a few and several hundreds of
metres. However, spatial species turnover between
such patches was never as abrupt and discrete as
that observed at the margin of assumed iceberg
scours analysed in the present and other studies (see
e.g. Barthel & Gutt 1992). Before the physical disturbance happened, hexactinellid sponges exhibited a
normal demographic structure in the entire area,
with smaller individuals being more common than
larger individuals. These biogenic structures attracted a variety of associated sessile and mobile epibenthic and epibiotic fauna (see also Gutt & Schickan
1998). When one or more icebergs grounded, they
acted like a bulldozer. A large amount of sponge
material was pushed downslope, where it was piled
up to a height of >1 m. At this moment the iceberg
must have moved predominantly parallel to the
slope. When it grounded, it scoured a plateau into the
otherwise gentle slope (see Fig. 1a) towards the
glaciated coast at approximately 7 km distance. Most
of the dislocated sponges died immediately after the
impact. In addition, a ‘cloud’ of suspended sediment
drifted with the predominant NE−SW direction of the
coastal current towards the first half of the analysed
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transect and caused an indirect disturbance; most
Cinachyra barbata s.l. died, but most hexactinellids
survived. This most likely development is based on
the following assumptions and ideas.
(1) No other ecological drivers or environmental
gradients are likely to have caused the difference
between the high abundance of C. barbata s.l. in one
place and its rarity 300−800 m away. Only mass mortality due to discrete iceberg disturbance or other
reasons can have shaped this pattern of C. barbata
s.l. distribution in the Antarctic. Such mortality due to
unknown reasons is known from the NE Atlantic
(Barthel et al. 1996) and the Mediterranean (Hogg et
al. 2010).
(2) The hypothesis of an indirect disturbance by a
‘cloud’ of suspended sediment is supported by the
lowest abundances or absence of C. barbata s.l. close
to the iceberg scour and higher values at the beginning of the transect approximately 400 m from the
impact area. If an a priori low abundance of C. barbata s.l. and other sessile organisms reflects a generally unfavourable habitat with a high coverage of
sponge spicules independent of the iceberg impact,
one would expect higher abundances in the sections
with lower spicule cover (1−20% and especially
<1%), but the opposite was found.
(3) An additional indication that C. barbata s.l. is
an especially susceptible species and was more
abundant in the first part of the transect during the
pre-impact phase is the co-occurrence of living hexactinellid sponges and dead remnants of the abovedescribed strands acting as ‘roots’ or raised platforms
for C. barbata s.l. to live on.
(4) The best evidence that the benthic pattern is
shaped by iceberg impact is the presence of all size
classes of hexactinellid sponges outside and only
small specimens of the same species, mainly Rossella
racovitzae and Anoxycalix joubini, inside the assumed iceberg scour.
All of these arguments support the hypothesis of a
combination of direct mortality of most species due to
a typical iceberg disturbance and subsequent indirect species-specific lethal effects. Our data give no
indication of why hexactinellid sponges and other
sessile species already recruited and grew in the
obvious iceberg scour whilst C. barbata s.l. was
unsuccessful. Similarly, Dayton et al. (2013) recently
documented unexpected dynamics of the glass
sponge A. joubini, which is generally abundant in
McMurdo Sound in the Ross Sea, including successful recruitment, fast growth and mass mortality,
probably due to significant shifts in important ecosystem characteristics. A less likely alternative sce-

nario, ignoring the varying abundance of spicules, is
that the impact caused mortality of all sponges along
most of the transect, and hexactinellids recovered
faster than C. barbata s.l. However, this hypothesis
requires the rejection of the assumption that C. barbata s.l. grows much faster than hexactinellids (Gatti
2002), even though their absolute growth rates and
differences in growth performance are not sufficiently
documented. Further, a possible faster recruitment of
hexactinellids alone cannot explain the very low
abundance of C. barbata s.l. close to the scour, since
this species co-exists with larger specimens of hexactinellids at the beginning of the transect.
A reconstruction of the photographically documented macrobenthos at Stn 247 differs from that at
Stn 184. Sections with high spicule cover looked different from comparable areas in the videos. In the
still images taken at Stn 247, the sediment surface
consisted of compressed spicule mats rather than
piles of sponge spicule material or dead bodies of single sponges already partly disintegrated, as observed
in the video (at Stn 184). These findings lead to the
hypothesis that the spicule mats were formed by a
physical impact acting as a vertical press rather than
a horizontally moving bulldozer. Also, 3 gaps without
visible spicules were found. In these, the abundances
of mobile and other sessile animals were extremely
variable, whilst sponges were rare. If this hypothesis
is true, recent iceberg impacts that cannot be associated with the event that shaped the spicule mats created these gaps. The small-scale patchiness and different faunistic composition within these gaps can be
interpreted to represent independent early stages of
recolonisation. Seiler & Gutt (2007) developed a simple concept for a similar process, which described
sponge mortality after dislocation by icebergs with a
few survivors, interestingly of the same species,
C. barbata s.l.

Suitability of spicule mats as habitat for
mega- and macro-epibenthos?
Sessile mega-epibenthic animals had only slightly
higher abundances but not higher taxon richness in
areas with 21−50% spicule cover compared with the
highest and lower spicule levels. For hexactinellid
sponges the correlation between abundance and
spicule cover was negative but weak. For mobile
fauna no significance was found. Consequently, our
data do not provide clear evidence that sponge
spicules shape the substratum so that it attracts or
repels additional megabenthic species. It could be
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hypothesized that the observed ‘piles’ of sponges are
still too young for a rich assemblage to develop on
them. However, assuming that one single event
shaped the scour, the spicule ‘piles’ had a relatively
long period of time for colonisation. This follows from
a considerable abundance of several species in the
iceberg scours, e.g. the cnidarian Ainigmaption antarctica, the bryozoan Camptoplites tricornis, the
sponges Stylocordyla chupachups (in earlier papers
on the benthos of the Weddell Sea identified as
S. borealis, spherical form) and small hexactinellids
of the genera Rossella and Anoxycalix, which have
been classified as later colonisers rather than first
pioneers (Gutt & Piepenburg 2003). Independent of
whether a high spicule level attracts a variety of
megabenthic species during a late stage of succession, as postulated and described by Dearborn (1965,
1967), Dayton et al. (1970), Arnaud (1974, p. 534–
535) and Barthel (1992), and analysed for the meiobenthos by Lee et al. (2001), the formation of spicules
might have slowed down the development of a rich
benthos after disturbance. Both the direct and indirect destructive effects described above can probably
last not only for decades but also for centuries. This
will be the case even when the impact is not directly
recognisable anymore because the negative effects
are superimposed by a successful but incomplete
succession of recolonisation resulting in a high biodiversity, according to the intermediate disturbance
hypothesis (Huston 1994).
In terms of a specific substrate preference, the
macrobenthos at Stn 247 provided different insights
from the megabenthos at Stn 184. At Stn 247, the
hypothesis of sponges growing successfully on the
specific spicule substratum formed by an earlier generation of these organisms can be accepted (Figs. 1b
& 3b). The diversity of the macrobenthos growing on
the sponge spicule mats and the co-occurrence of
taxa apparent from single still images is also clearly
higher than in the spicule gaps (Fig. 4b), whilst abundance of motile and sessile taxa other than sponges
was not obviously supported by the dense spicules
(Fig. 3b). It remains unclear whether the sponge
spicules just provide a substratum as favourable as
the normal sediment or whether they provide an
even more suitable habitat for a variety of species.
However, a locally extremely high abundance of up
to 20 C. barbata s.l. per square metre alone represents the maximum utilisation of sea-bed space.
The difference in the compositional heterogeneity
(beta-diversity or turnover of taxa) between macrobenthos and megabenthos shown by the 2 MDS plots
is quite obvious. This can be explained by an
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assumed younger stage of recolonisation of the
megabenthos at the lowest sponge spicule cover
level (= fresh iceberg scour), by the different mechanisms that generated the spicule mats, and by the
coarser identification level of the megabenthos,
which provides less detail regarding biodiversity
than the photographic surveys. As the results show a
higher heterogeneity at the deeper site, depthdependent ecological factors seem unlikely to have
caused these differences.
Combining the interpretations of both data sets,
one can conclude that spicule mats serve as a suitable substratum for the macro- and mega-epibenthos
only in a late stage of recolonisation. A delay rather
than acceleration in benthic succession can be
assumed for the phase after iceberg impact when
spicule mats were formed and allowed growth of
only a benthos poor in abundance, biomass and
diversity, until intermediate stages are reached. A
recolonisation after simple devastation of the benthic
habitat without formation of spicule mats (Gutt &
Piepenburg 2003) might proceed faster. In the final
stage of recolonisation, abundances of animals on
spicule mats can reach maximum values, but there is
still no evidence for especially elevated diversities
compared with the ‘normal’ rich Antarctic benthic
assemblages, which are obviously not growing on
conspicuous spicule mats (Gutt & Starmans 1998).

Contribution of sponge spicule mat formation to
the global and regional silicon cycle
The global comparison reveals that the total standing stock of Si sequestered due to sponge mortality
after iceberg scouring is only 0.69% of that of the
diatom-derived accumulation of Si in marine sediments worldwide. This value might appear low; however, it has to be considered that the deposition of Si
due to sponge mortality occurs potentially on only
2.5 ‰ of the global sea floor. This value coincides
with the ‘very tentative estimate of the global Si
consumption by sponges’ as ‘about 2 to 4 orders of
magnitude smaller’ than the Si demands of diatoms
(Maldonado et al. 2011, p. 6).
A major problem in comparing Si sequestration
from sponges with that from primary production is
the poor knowledge on the fate of biogenic Si after its
deposition on the sea-bed. When sponges die, a certain but unknown proportion of silicon will be fixed
for ecologically relevant if not geological time scales
because dissolution rates are low, especially when
the spicules are buried in the sediment. This assump-

68

Mar Ecol Prog Ser 480: 57–71, 2013

tion is based on experiments of Maldonado et al.
(2005), in which they found no detectable dissolution
of demosponge spicules and 5% dissolution of hexactinellid spicules after 8 mo, in contrast to ‘severe
dissolution’ of diatom frustules. Similar experiment
were performed by Chu et al. (2011), showing 4%
dissolution rates of fixation of Si by growth, and by
Krautter et al. (2006). However, the described iceberg scouring can also contribute to a release of Si
when the icebergs displace the surface sediment.
If a complete marine silicon cycle is considered, 2
principal biological processes, growth and mortality,
play an important role. If, however, sequestration
from the water column is the main focus, only one of
these processes can be considered. When sequestration happens, at the moment of biosilicification or
when, due to sponge mortality, living biogenic is converted to dead material is a matter of perspective, be
it biological or geochemical. In such a macroecological context, the question of how sponges grow and
die can be of relevance. Some non-Antarctic species
grow rapidly in the first period of their life but very
slowly as they get larger (Ayling 1981). If, correspondingly, in the Antarctic sponge mass mortality
increases their population growth due to immediate
recruitment and fast growth of pioneers, we have to
expect an overall increased rate of benthic biosilification and deposition of Si in the sediment. In that case,
sponge mortality and not sponge productivity can be
the primary process that drives this part of the marine
Si budget. An experimentally simulated predation
had a similar effect of enhanced biosilification since
it was observed to accelerate growth among encrusting sponges in temperate waters (Ayling 1981, Maldonado et al. 2005).
Despite the low global proportion of Si sequestered
by Antarctic sponges, a high regional relevance of
this process is reflected by the similarity of diatomand sponge-derived Si deposition in the highly productive waters above the Antarctic continental shelf
(Arrigo et al. 2008). One weakness of this calculation
is due to the spatial local heterogeneity of planktonic
and benthic processes, which are known from only
few comprehensive spatially explicit studies, which
allow rough conclusions for various spatial scales. At
a local scale, which is relevant for the direct and indirect mortality of sponges by icebergs, a deposition
rate of 356 g m−2 event−1 can be calculated from the
values provided in Table 1. A similar calculation for
diatom-derived Si in areas of high accumulation,
where 10−25% of the primary production is assumed
to reach the sea-floor, leads to a deposition rate of
10.2−25.5 g Si m−2 yr−1. However, due to poor infor-

mation about their spatial and temporal performance, we cannot compare these 2 phenomena based
on absolute values. Scale-dependent differences can
be caused by the extreme concentration of sponge
biomass (average of 1.27 kg wet weight m−2), its local
and sudden devastation, and the fact that a high proportion (30%) of the sponge wet weight (Barthel
1995) is assumed to consist mainly of biogenic silica
(according to Maldonado et al. 2005). This value is
comparable to values for sponges off British Columbia (Chu et al. 2011, see also Barthel 1995), but is
high compared with the 6.7% provided by Dayton et
al. (1974) for the Antarctic sponge Homaxinella balfourensis. The biosilification by this fast-growing
species lasted over one decade, with a rate of 234 g Si
m−2 yr−1 (Maldonado et al. 2005). It is even higher
than the 119 g Si m−2 yr−1 converted from living to
dead material by iceberg scouring (present study),
which was accumulated in decades to maybe millennia within assemblages dominated by other slowergrowing demosponges and hexactinellid species.
The latter 2 classes are common on the shallower
Antarctic shelf but they do not occur everywhere,
whilst the explosive growth of the species H. balfouriensis is rarely described and only at a local scale.
Homaxinella species grow in high abundances almost exclusively in areas formerly disturbed by
anchor ice, glaciers or icebergs (Gutt 2007). It can be
concluded that, due to iceberg impact devastating all
siliceous sponges, half the Si of the extremely fastgrowing of Homaxinella population is fixed only if
the local spatial scale is considered.
The values for sponge standing stocks in highlatitude Antarctic benthic communities, and thus for
their Si, are high compared with those for other
regions of the world, e.g. a Caribbean reef-mangrove
habitat with 1.9 to 304 g biogenic Si m−2 (average of
> 70 g m−2; Maldonado et al. 2005, 2010). Other high
values reported so far for sponge assemblages outside the Antarctic are 12.6 g Si m−2 for a living population of Sericolophus hawaiicus off Hawaii, and 43 g
Si m−2 for Crambe crambe in the Western Mediterranean. This could be compared with the Antarctic
sponge assemblage cited above, with an average wet
weight of 12.7 kg m−2, which can be converted to
approximately 2 kg Si m−2. Extreme values of
<100 kg wet weight m−2 for single cores which hit a
large specimen translate to 15 kg Si m−2. Extremely
high silica standing stock values were calculated by
Chu et al. (2011) for 3 sponge reefs with mean depths
between 80 and 164 m off British Columbia, Canada,
and the Eastern Pacific, based on earlier discoveries
(Conway et al. 1991, 2001, 2005, Krautter et al. 2001,
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Leys et al. 2004). Some details are missing that would
allow a direct comparison with the results presented
here. Nevertheless, the standing stock per unit area
is estimated to be roughly 10 times higher than that
within an average Antarctic sponge community. It
could only be comparable to a spot with a very high
density of Antarctic sponges as mentioned above.
The growth of the sponges in British Columbia results in approximately 100 g Si m−2 yr−1, which is generally locked in living sponge material, whilst rates
due to mortality by iceberg scouring in the Antarctic
were calculated to be 10 g Si m−2 yr−1 for sponge communities and 1 g Si m−2 yr−1 for the entire shallower
Antarctic shelf. Due to the differences in the sizes of
the areas considered, the Antarctic shelf sequesters
roughly 1 × 109 kg Si yr−1 (only due to iceberg scouring) whilst the rate on the much smaller reefs off
British Columbia is only 1 × 103 kg Si yr−1. However,
the latter sponge reefs are larger than the area for
which this value was calculated (Conway et al. 1991,
Krautter et al. 2006). Additional areas with locally
high concentrations of sponges, which experience
similar natural physical disturbances, are Arctic
waters shallower than 60 m (Starmans et al. 1999),
but information is too sparse to perform a similar
coarse comparison.
A secondary effect of elevated benthic Si sequestration could be a limitation of Si availability for primary production in the water column (Tréguer &
Pondaven 2000). This would control the growth of
primary food for the benthos in the form of diatoms,
as at least partly assumed by Rützler & Macintyre
(1978) for a coral reef in Belize. This feedback is
potentially one of the most important processes
within the marine silicon cycle since it can have a
momentous effect on the pelagic ecosystem. The
question how efficient this mechanism is depends on
the proportion of silicon that is accumulated in the
sediment for long-lasting ecological or even geological time scales compared with the proportion that is
dissolved and, thus, ‘recycled’ at the sediment surface. Similarly, one can raise the question of whether
high biosilification rates due to growth of sponges
reduce local silicic acid in their habitat and limit its
availability for the growth of the sponges themselves
(Maldonado et al. 1999). This might be relevant especially in habitats where the sponges grow rapidly
and have a high standing stock, e.g. in stages of early
recolonisation after iceberg impact. However, in the
Antarctic, most sponges do not live in the euphotic
layer and Antarctic waters are unusually rich in dissolved Si, which makes the negative feedback effect
relatively unlikely.
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In summary, our results on iceberg disturbance to
the Antarctic benthos and thus to the regional marine
Si cycle strengthen earlier results indicating a considerable contribution of sponges and their population dynamics to such biogeochemical processes.
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