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Abstract
In coastal systems, planktonic and benthic silicifiers compete for the pool of dissolved silicon, a nutrient

required to make their skeletons. The contribution of planktonic diatoms to the silicon cycle in coastal systems
is often well characterized, while that of benthic silicifiers such as sponges has rarely been quantified. Herein,
silicon fluxes and stocks are quantified for the sponge fauna in the benthic communities of the Bay of Brest
(France). A total of 45 siliceous sponge species living in the Bay account for a silicon standing stock of 1215
tons, while that of diatoms is only 27 tons. The silicon reservoir accumulated as sponge skeletons in the surface
sediments of the Bay rises to 1775 tons, while that of diatom skeletons is only 248 tons. These comparatively
large stocks of sponge silicon were estimated to cycle two orders of magnitude slower than the diatom stocks.
Sponge silicon stocks need years to decades to be renewed, while diatom turnover lasts only days. Although the
sponge monitoring over the last 6 yr indicates no major changes of the sponge stocks, our results do not allow
us to conclude if the silicon sponge budget of the Bay is at steady state, and potential scenarios are discussed.
The findings buttress the idea that sponges and diatoms play contrasting roles in the marine silicon cycle. The
budgets of these two major silicon users need to be integrated and their connections revealed, if we aim to
improve our understanding of the silicon cycling in coastal ecosystems.

There is great interest in understanding the cycling of sili-
con (Si) in marine environments because this nutrient is key
to the functioning of marine ecosystems. In coastal oceans, Si
is responsible for sustaining a large proportion of primary

productivity and many of the food webs that ultimately sus-
tain fish and human populations (Kristiansen and Hoell 2002;
Ragueneau et al. 2006). Shortage of Si availability in coastal
areas frequently reflects situations of ecosystem disequilibrium
and proliferation of harmful algal blooms (Davidson
et al. 2014; Glibert and Burford 2017; Thorel et al. 2017).
Thus, a thorough understanding of the cycling of Si in coastal
marine environments is critical for effective ecosystem
management.

A substantial part of the Si cycling in the marine environ-
ment occurs through a variety of microorganism and mac-
roorganism, the silicifiers, which require Si to build their
skeletons. The silicifiers, which include diatoms,
silicoflagellates, most species of sponges and rhizarians, and
several species of choanoflagellates, consume dissolved Si from
seawater to build their skeletons made of biogenic silica (i.e.,
SiO2; hereafter referred as biogenic Si). After death, their sili-
ceous skeletons get partially dissolved as they sink and in
marine sediments as they are buried. This dissolved silica feeds
the pool of dissolved Si that is biologically available for sili-
cifiers and facilitates the recycling of this nutrient (DeMa-
ster 2003; Tréguer et al. 2021). To date, our understanding of
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the biogeochemical cycling of Si in the marine environment is
based predominantly on the role of diatoms, microscopic uni-
cellular eukaryotic algae which are the most abundant sili-
cifiers in the global ocean (Malviya et al. 2016; Tréguer
et al. 2021). Recently, some studies have revealed that other
silicifiers such as siliceous Rhizaria and sponges also contribute
significantly to the marine Si cycle at local and global scales
(Biard et al. 2018; Maldonado et al. 2019; Llopis Monferrer
et al. 2020). However, the contribution of these organisms to
the Si cycle often has large uncertainties associated which
need to be addressed at the regional scale (Tréguer et al. 2021).
To quantify the cycle contribution of siliceous sponges is par-
ticularly complicated given their benthic nature and heteroge-
neous distribution across the depths of the world’s oceans.
However, there is growing evidence that sponges are impor-
tant contributors to the Si cycle in terms of Si standing stocks
and reservoirs (Maldonado et al. 2010, 2019).

In the present study, the Bay of Brest (France) was moni-
tored to assess the relative contribution of siliceous sponges to
the Si budget of this emblematic coastal system. This Bay has
been the subject of numerous ecological, biogeochemical, and
physical studies and is currently one of the best-studied
coastal ecosystems in Europe, in terms of both structure and
ecosystem functioning (Le Pape et al. 1996; Del Amo
et al. 1997; Ragueneau et al. 2018). In this ecosystem, diatoms
dominate the annual pelagic primary production (Quéguiner
and Tréguer 1984; Del Amo et al. 1997). Other planktonic sili-
cifiers such as silicoflagellates, polycystines, and phaeodarians
are rarely recorded in the monthly surveys of the planktonic
community of the Bay, and when found, they are low abun-
dant (https://www.phytobs.fr/). Dissolved Si concentrations
vary over the yr cycle from below 1 μM in spring and early
summer up to 15–20 μM in late autumn and winter. There-
fore, in this ecosystem, diatom activity is limited by dissolved
Si principally during spring and early summer (Ragueneau
et al. 2002), but sponges are limited all yr round, as these
organisms need dissolved Si concentrations of 100–200 μM to
reach their maximum speed of Si consumption (KM = 30–
100 μM Si; L�opez-Acosta et al. 2016, 2018).

In this system, both dredging and diving research activities
have identified important populations of siliceous sponges
(Jean 1994; L�opez-Acosta et al. 2018), and a previous study
firstly estimated that the sponge silica production represents
ca. 8% of the net annual silica production in the Bay (L�opez-
Acosta et al. 2018). Nevertheless, the large amounts of Si
within the sponge bodies (i.e., the Si standing stock) remain
unquantified and the fate of such Si once the sponges die.
Herein, we estimate these parameters and provide the most
complete cycle of Si through sponges for this coastal ecosys-
tem. The findings are discussed within the regional Si budget
of the Bay of Brest previously published by Ragueneau et al.
(2005), which considered only the contribution of planktonic
diatoms.

Materials
Study area

The Bay of Brest (NW France) is a semi-enclosed marine
ecosystem of about 130 km2 (harbors and estuaries not
included) that is connected to the Atlantic Ocean through a
narrow (1.8 km wide) and deep (45 m) strait. The Bay is a shal-
low system, with a maximum depth of 40 m and a mean
depth of 8 m. It is a macrotidal (maximum tidal
amplitude = 8 m) system that receives high-nutrient loadings
mainly from two small rivers (Fig. 1a). All yr round, the tidal
and wind currents, together with the shallowness of the Bay,
cause the nutrient concentration to remain relatively homoge-
neous in the water column (Delmas and Tréguer 1985; Salo-
mon and Breton 1991; Le Pape et al. 1996).

The Bay hosts abundant and diverse benthic communities,
developed in a mixture of hard and soft substrates (Grall and
Glémarec 1997). The benthic ecosystem of the Bay consist of
six major habitats, according to depth, nature of substrate,
and biota (Hily et al. 1992; Gregoire et al. 2016): (1) the rocky
intertidal coastline that remains emerged during spring low
tides; (2) the rocky subtidal bottoms, down to 20 m depth,
that mostly surround the islets of the Bay; (3) the maerl beds,
soft bottoms with dense assemblages of Lithothamnion
corallioides, together with some Phymatolithon calcareum and
Lithophyllum cf. fasciculatum, down to 15 m depth; (4) the
shallow mud bottoms down to 10 m depth, mostly in the
peripheral zones of the Bay; (5) the heterogeneous sediments
from 5 to 25 m depth which consist of a mix of mud, calcare-
ous detritus, and gravel bottoms; and (6) the circalittoral
coarse sediments, consisting of gravel and pebble bottoms
located mostly in the central, deepest zones (20–40 m) of the
Bay (Fig. 1a–g). Using QGIS software, version 3.10.2 (QGIS
Development Team 2020), the benthic habitats of the Bay
were delimited and their areas were calculated (Fig. 1a;
Table 1). This resulted in the most updated map of the benthic
habitats of the Bay of Brest (L�opez-Acosta 2022), which
includes the up-to-date information of the bottom communi-
ties of the Bay from the annual monitoring conducted by the
Marine Observatory of the European Institute for Marine Stud-
ies (Derrien-Courtel et al. 2019).

Silicon standing stock in sponge communities
To estimate the Si standing stock of the sponge communi-

ties within the Bay of Brest, quantitative surveys were con-
ducted across the six benthic habitats. The sampling effort
carried out within a given habitat depended on both its rela-
tive surface to the total Bay extension and the relative internal
variation (Eberhardt 1978). Three sampling techniques were
used for the different habitats: (1) the rocky intertidal was
sampled by using 23 random quadrats (1 � 1 m) at low tides;
(2) the rocky subtidal, the maerl beds, the shallow mud, and
the heterogeneous sediments above 20 m depth were sampled
by scuba diving using 119 random 1 � 1 m quadrats; (3) the
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heterogeneous sediment and circalittoral coarse sediment
located below 20 m depth were sampled using an epibenthic
trawl over small transects (1 m wide � 5–10 m long, trawl
length precision = � 1 m; n = 28). Each sponge found within
the quadrats or in the trawls was counted, taxonomically iden-
tified to the species level, and measured for volume and silica
content (i.e., biogenic Si). To determine the sponge volume,
the body shape of each individual was approximated to one or
a sum of several geometric figures (e.g., sphere, cylinder, cone,
rectangular plate, etc.) and the linear parameters needed to

calculate the volume (length, width, and/or diameter) were
measured in situ using rulers (Maldonado et al. 2010). Counts
and volume values in each habitat were normalized to m2.
Nonsiliceous sponge species were taxonomically identified but
not considered in the calculations.

Data distribution exploration of siliceous sponge abun-
dance (i.e., number of individuals) and biomass (i.e., volume)
per m2 for each habitat and for the entire Bay showed that
most datasets were not normally distributed (Shapiro–Wilk
test) but slightly to moderate skew-positive distributed.

Fig. 1. (a) Map of the Bay of Brest (France), showing the six major habitats defined for this study according to their depth, substrate type, and sponge
fauna. Estuaries and harbors, depicted in gray in the map, have not been considered in the study. The red dashed line indicates the limit of sedimentation
in the Bay, under which the sedimentation rate is negligible. Stars indicate the geographical location of the examined cores. (b–g) General view of the
habitats of the Bay: (b) rocky intertidal, (c) rocky subtidal, (d) maerl beds, (e) shallow muds, (f) heterogeneous sediments, and (g) circalittoral coarse sed-
iments. Scale bars indicate 10 cm.
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Consequently, nonparametric rank-based statistical analyses
were performed and median and mean values were indicated
in the Results. Statistical analyses were conducted using
Sigmaplot version 14.5, from Systat Software Inc, with a signif-
icance level (p-value) of 5%.

The relationship between the mean siliceous sponge abun-
dance (i.e., number of individuals per m2) and biomass (i.e.,
volume per m2) in each habitat was analyzed by Spearman
rank correlation. Between-habitat differences in the sponge
abundance and biomass per m2 were examined by Kruskal–
Wallis analysis and post hoc pairwise multiple comparisons
between groups were conducted using the non-parametric
Dunn’s test.

To estimate sponge silica content in a given sponge vol-
ume, a plastic cylinder of known volume was filled with
sponge tissue (n = 3–5 for each species, depending on avail-
ability), applying minimum compression. Sponge tissue sam-
ples were then dried at 60�C to constant dry weight (g), and
desilicified by immersion in 5% hydrofluoric acid solution for
5 h, rinsed in distilled water three times for 5 min, and dried
again at 60�C to constant dry weight (Maldonado et al. 2010).
Silica content per unit of sponge volume (mg SiO2 mL�1

sponge) was calculated as the difference in weight before and
after desilicification and multiplied by a factor of 0.8. Such a
factor was applied to remove overestimates of the skeletal bio-
genic silica due to tiny sand grains (lithogenic silica) that
might be embedded into the sponge tissues (Maldonado
et al. 2010).

Mean skeletal content (mg SiO2 mL�1 sponge) of each spe-
cies was subsequently used to estimate Si standing stock in the
sponge communities per unit of bottom area in the six habi-
tats of the Bay, and that at the ecosystem level. Between-habi-
tat differences in mean sponge Si standing stock per m2 were
examined by a Kruskal–Wallis analysis, followed by pairwise
Dunn’s tests to identify significant differences between

groups. Finally, the relationship between skeletal content and
sponge abundance per m2 and that between skeletal content
and sponge biomass per m2 in the sponge communities of the
Bay were also examined using regression analysis.

Dissolved silicon consumption by sponge communities
The annual consumption of dissolved Si (and consequently

biogenic silica production) by the sponge communities of the
Bay was estimated by using the Si consumption kinetic models
developed elsewhere (L�opez-Acosta et al. 2016, 2018) for the
four dominant sponge species at the Bay (Haliclona simulans,
Hymeniacidon perlevis, Tethya citrina, and Suberites ficus). The
four species-specific kinetic models followed saturable
Michaelis–Menten kinetics, as other demosponges investi-
gated (Reincke and Barthel 1997; Maldonado et al. 2011). By
knowing the monthly average dissolved Si availability in the
bottom waters of the Bay over the last decade (2012–2021;
Supporting Information Table S1) and the consumption kinet-
ics of each of the four dominant species at the Bay, the aver-
age (� SD) annual dissolved Si consumption rate by these
species was estimated. This average was then extrapolated to
the rest of the sponge species in the Bay to estimate dissolved
Si consumption by habitat and for the entire Bay, according
to the estimated species sponge biomass per habitat (mL
sponge m�2) and habitat bottom area (m2).

Sponge biogenic silica in surface sediments
The amount of sponge Si in the sediments was determined

by analyzing surface sediment samples (defined herein as the
upper-centimeter layer of sediment) from three stations from
the shallow plateaus of the Bay of Brest (Fig. 1a). In the Bay,
there are two major depositional environments with contra-
sting features: (1) the shallow terraces or plateaus, up to 10 m
depth, where the fine sediment that regularly arrives through
the rivers’ discharges is homogeneously deposited, and (2) the
deepest bottoms, up to 40 m depth, where the strong tidal
currents prevent the fine sediment from being deposited on
the bottom (Salomon and Breton 1991; Gregoire et al. 2017;
Lambert et al. 2017). The latter are located mainly in the cen-
tral zone of the Bay and the two paleo-channels that cross
each of the basins of the Bay from the rivers’ mouths to the
central zone, where they converge (see Fig. 1 in Gregoire
et al. 2017). This depositional configuration was originated by
the action of successive sea-level low stands and it has been
preserved over the last millennia by the effect of tidal currents
in deep-water areas, which keep the inherited shape by
preventing the deposition of the fine sediment supplied by
rivers (Gregoire et al. 2016, 2017). As a consequence of this
hydrodynamic regime, the fine sediment does not settle on
the deepest areas of the Bay, the sediments of which mainly
consist of coarse particles such as gross fragments of shells and
small pebbles (Gregoire et al. 2016). On the contrary, the fine
sediment settles all over the shallow plateaus, which are less
affected by the tidal currents. Hence, the shallow plateaus

Table 1. Features of the benthic habitats of the Bay of Brest
(France), including bottom area (106 m2), relative contribution
(%), sampled area (m2), mean (� SD) depth (m), and richness of
siliceous species of each habitat and the total Bay.

Habitat
Bottom area
(106 m2)

Sampled
area (m2)

Depth
(m)

Siliceous
species
richness

RI 1.98 (1.5%) 23 0.0 (� 0.0) 4

RS 2.64 (2.0%) 31 12.4 (� 4.0) 31

MB 45.84 (34.4%) 40 5.4 (� 1.6) 19

SM 22.19 (16.7%) 17 5.1 (� 3.0) 2

HS 31.79 (23.9%) 36 11.4 (� 3.7) 16

CS 28.69 (21.6%) 23 25.6 (� 4.5) 32

Total 133.13 (100%) 170 9.9 (� 8.1) 45

CS, circalittoral coarse sediments; HS, heterogeneous sediments; MB,
maerl beds; RI, rocky intertidal; RS, rocky subtidal; SM, shallow muds.
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account for virtually the total area of sediment deposition in
the Bay bottoms (Ehrhold et al. 2016). These shallow plateaus,
which account for about half of the Bay surface, are mainly
covered by maerl beds, shallow muds and partially by hetero-
geneous sediments (Fig. 1a; Table 2).

To estimate the amount of sponge silica in the surface sedi-
ments of the Bay, one core was sampled at each benthic habi-
tat represented at the shallow plateaus: core SRQ3-KS34 from
maerl beds, core SRQ1-IS05 from shallow muds, and core
SRQ3-KS04 from heterogeneous sediments (Fig. 1a; Table 2).
Present-day sedimentation rates were estimated from radiocar-
bon dating of surface sediment in the cores (Gregoire
et al. 2017; Ehrhold et al. 2021). The bottoms of the deepest
areas of the Bay, on which sedimentation rates are negligible
(Ehrhold et al. 2016), were interpreted as null contributors to
the sponge silica accumulation in the Bay (see below).

To quantify the sponge silica in the surface sediment layer,
one to three sediment subsamples of 10 mg each were col-
lected from the upper 1-cm layer of each core and subse-
quently processed by light microscopy, following the
methodology described in Maldonado et al. (2019). Briefly,
sediment subsamples were transferred to test tubes, boiled in
37% hydrochloric acid to remove calcareous materials, then in
69% nitric acid to complete digestion of organic matter, rinsed
in distilled water, and sonicated for 15 min to minimize sedi-
ment aggregates. The sediment suspension was then pipetted
out and dropped on a microscope glass slide to measure the
volume of each skeletal piece (spicules). A total of 48,320 spic-
ules, either entire or fragmented, were examined in 230 slides
with phase contrast microscopes. Using digital cameras and
morphometric software (ToupView, ToupTek Photonics), the
volume of each spicule or spicule’s fragment was estimated by
approximating its shape to one or the sum of several geomet-
ric figures (Maldonado et al. 2019). Measured volumes of
sponge silica were subsequently converted into Si mass, using
the average density of 2.12 g mL�1 for sponge silica
(Sandford 2003).

To determine the reservoir of sponge silica in the surface
sediment of the Bay, the obtained mass of sponge silica per
gram of sediment in each core was extrapolated to the area of

each benthic habitat over the sedimentation limit (Ehrhold
et al. 2016), delimited with a red dashed line in Fig. 1. It
means that the sponge silica mass per gram of sediment from
core SRQ3-KS34 was extrapolated to 40.06 km2, that of core
SRQ1-IS05 to 17.21 km2, and that of core SRQ3-KS04 to
9.18 km2 (Table 2). By combining these parameters and the
wet-bulk density of the surface sediment of each core (Table 2),
the amount of sponge Si reservoir in surface sediments was
calculated. Sponge Si deposition rate was estimated from the
amount of sponge Si determined in the surface sediments of
each core location and the sedimentation rate (Table 2).
Sponge Si burial rate, that is, the amount of sponge silica that
is ultimately preserved in the sediments, was estimated from
the rate of sponge Si deposited annually in the surface sedi-
ments and the average percentage estimated for sponge Si
preservation in sediments of marine continental shelves (i.e.,
52.7% � 29.8%; Maldonado et al. 2019). The contribution of
sponges to the Si benthic efflux from the sediments of the Bay
was calculated as the difference between the sponge Si deposi-
tion and burial rates.

Sponge silica budget in a coastal ecosystem: The Bay of
Brest

The quantified stocks and fluxes of sponge Si were used to
build a sponge Si budget for the Bay of Brest. These results
were discussed in the context of previous studies and com-
pared with those reported in the literature for the community
of planktonic diatoms in the Bay.

Results
General features of the sponge assemblages

The survey of the sponge fauna at the Bay of Brest revealed
a total of 53 sponge species, most of them belonging to the
class Demospongiae (n = 51), and only 2 species belonging to
the class Calcarea (Supporting Information Table S2). Species
from classes Hexactinellida and Homoscleromorpha were not
found. Forty-five (85%) of the 53 identified species had sili-
ceous skeletons (Table 1). The other eight were nonsiliceous
sponge species with a skeleton made of either calcium

Table 2. Summary of core features including core label, coordinates, depth (m), average (� SD) sedimentation rate (cm yr�1), wet-
bulk density (g sed. cm�3 sed.), the benthic habitat compartment they represent, and the extension of the benthic habitat over the sed-
imentation limit of the Bay (km2). Present-day sedimentation rates for the surface sediments of each core were estimated from 14C
radiocarbon dating in Gregoire et al. (2017) and Ehrhold et al. (2021).

Core
label

Coordinates
Depth
(m)

Sedimentation
rate (cm yr�1)

Wet-bulk
density
(g cm�3)

Benthic habitat
compartment

Compartment
extension (km�2)Latitude Longitude

SRQ3-KS34 48�18.7600N 4�24.4740W 10 0.037 (� 0.003) 1.684 Maerl beds (MB) 40.06

SRQ1-IS05a 48�17.4410N 4�29.6090W 7 0.090 (� 0.002) 1.660 Shallow muds (SM) 17.21

SRQ3-KS04 48�21.8580N 4�27.8570W 7 0.077 (� 0.001) 1.660 Heterogeneous

sediments (HS)

9.18

L�opez-Acosta et al. Coastal silicon cycle through sponges
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carbonate (n = 2) or skeletal protein (n = 6). Nonsiliceous
sponges were not considered in the following quantifications
of sponge abundance and biomass.

Sampling yielded a total of 1807 sponge individuals for
which volume was determined (Table 1). At the Bay level, the
siliceous sponge fauna averaged (mean � SD) 10.6 � 11.1 indi-
viduals m�2 and a biomass of 0.24 � 0.35 liters of living
sponge tissue m�2. The large variation associated (i.e., SD) to
the sponge abundance and biomass normalized per m2 is
derived from the patchy spatial distribution of the sponges at
both intra- and inter-habitat level (Fig. 2). In contrast, the
standard error (SE) of the mean (= SD/√N) is low (SE of sponge
abundance = 0.85; SE of sponge biomass = 0.03), indicating
that mean values are accurate. Spearman’s correlation involv-
ing the six habitats revealed a strong positive correlation
between the mean abundance and the biomass of siliceous
sponges per m2 of sampled bottom (N = 6, ρ = 0.886,
p = 0.033). This relationship informs that body size is more or
less uniformly distributed across species and specimens of the
different habitats.

At the habitat level, there were large between-habitat differ-
ences in both sponge abundance and biomass (Fig. 3). The
total number of siliceous sponges per m2 significantly differs
between habitats (H = 89.059, df = 5, p < 0.001). Highest
sponge abundance per m2 were reported in the maerl beds
and rocky subtidal habitats, averaging 24.6 � 26.2 and
16.4 � 9.3 individuals m�2, respectively (Fig. 2). The median
siliceous sponge abundance per m2 in the benthic communi-
ties of the maerl beds and rocky subtidal habitats (13 and 16
individuals m�2, respectively) were significantly higher than
that in the other habitats (Fig. 3a). Biomass of siliceous spon-
ges (L m�2) also differed significantly between habitats
(H = 78.324, df = 5, p < 0.001). A posteriori pairwise compari-
son revealed that median sponge biomass per m2 at the rocky
subtidal habitat (0.4 L m�2), which showed the highest mean
sponge biomass per sampled bottom (3.8 � 9.7 L m�2), was
significantly higher than that at the heterogeneous sediments
(0.05 L m�2; mean � SD: 0.16 � 0.38 L m�2) and the rocky
intertidal (0.07 L m�2; mean � SD: 0.12 � 0.13 L m�2) habi-
tats. Median sponge biomass per m2 at maerl beds
(0.14 L m�2; mean � SD: 0.31 � 0.32 L m�2), which ranked
second, did not differ significantly from that at the rocky sub-
tidal, either at the heterogeneous sediments and rocky inter-
tidal habitat. Median sponge biomass per m2 at shallow muds
and circalittoral coarse sediments were similar to each other
and significantly lower than those at the rest of habitats in the
Bay (Fig. 3b,c).

Silicon standing stock in the sponge communities
The importance of the siliceous skeleton content per mass

unit of sponge tissue varied largely between sponge species
(Table 3). It ranged from 29.8 � 2.9 to 145.6 � 14.2 mg SiO2

per mL of living sponge tissue (Table 3), accounting for 19.6%
to 63.5% of the specific dry weight (DW). The average skeletal

content estimated for the siliceous sponge fauna of the Bay of
Brest was 59.6 � 27.1 mg SiO2 mL�1 (45.8 � 10.6% SiO2

/DW). From these figures, it is estimated that the Si standing
stock in the sponge fauna of the Bay of Brest is 9.1 � 14.1 g Si
m�2. Nevertheless, there are large between-habitat differences
in the sponge Si standing stock per m2 (Fig. 3b,c). The highest
mean Si standing stock occurred in the rocky subtidal habitat
(151.1 � 387.6 g Si m�2). At this habitat, large specimens of
Cliona celata were common (mean abundance = 0.5 � 0.7
individual m�2, mean biomass = 7.4 � 13.5 L individual�1).
The large specimens of this species, which is moderately silici-
fied (85.6 � 7.2 mg SiO2 mL�1; Table 3), are responsible for
the 89.2% of the total biomass and Si standing stock of the
rocky subtidal habitat. The maerl beds ranked second in Si
standing stock, with an average of 10.0 � 10.7 g Si m�2

(Fig. 3b,c). In this habitat there is large abundance of sponges
(24.6 � 26.2 individuals m�2) with body size ranging from
small to medium (mean biomass = 12.4 � 37.1 mL
individual�1). Four of the 19 siliceous sponge species identi-
fied at this habitat accounted for 84% of the total sponge Si
standing stock (H. simulans, H. perlevis, T. citrina, and S. ficus).
A Kruskal–Wallis analysis confirmed that the between-habitat
differences in sponge Si standing stock per m2 are statistically
significant (H = 71.701, df = 5, p < 0.001). The pairwise com-
parison of mean Si standing stock revealed the same pattern
of between-habitat differences than that obtained in the
pairwise comparison of mean sponge biomass (Fig. 3b,c). Fur-
ther analysis indicated a significant linear relationship
(n = 170, R2 = 0.999, p < 0.0001) between sponge biomass
and Si standing stock per m2 across habitats (Fig. 4).

By integrating the average Si content of the sponges across
the bottom area of each habitat, a total Si standing stock of
1215 � 1876 � 103 kg Si (43.3 � 66.8 � 106 mol Si) in the
sponge communities of the Bay of Brest was estimated. The
small-scale patchiness in the spatial distribution of the spon-
ges within a habitat causes some sampling quadrats to contain
many sponges while others contain very few or none. This
effect, when propagated for the calculation of the global mean
of the Bay, results in a large SD value. In addition, about 90%
of the stock is accumulated in the sponge fauna of three habi-
tats, which—in order of contribution—are the maerl beds, the
rocky subtidal, and the heterogeneous sediments.

Dissolved silicon consumption by sponge communities
The average monthly concentrations of dissolved Si at the

bottom waters of the Bay ranged from 2 to 13 μM (Supporting
Information Table S1). Applying these concentrations to the
silicon consumption kinetic models previously obtained for
the dominant species in the Bay (L�opez-Acosta et al. 2016,
2018), the most abundant species at the Bay (H. perlevis,
68.6 � 85.1 mL m�2) consumed 7.2 � 8.9 mmol Si m�2 yr�1.
Interestingly, the species T. citrina and S. ficus, which show
comparatively lower biomass records in the Bay (24.5 � 34.1
and 7.7 � 13.3 mL m�2, respectively), had similar rates of Si
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consumption (7.5 � 10.5 and 7.1 � 21.0 mmol Si m�2 yr�1,
respectively). This is because their affinity for Si is higher
(affinity coefficient, Vmax/KM = 6.9 � 10�3 and
4.4 � 10�3 μmol Si h�1 sponge-mL�1 Si-μM�1 for T. citrina and
S. ficus, respectively, compared to 2.1 � 10�3 μmol Si h�1

sponge-mL�1 Si-μM�1 for H. perlevis).

Not surprisingly, most of the sponge Si consumption of the
Bay occur in the rocky subtidal habitat and maerl beds, where
sponges are very abundant and they show moderate to large
biomass records (Figs. 2, 3). The rocky subtidal habitat, which
represents only 2.0% of the Bay bottom but hosts about 30%
of the total sponge biomass in the Bay, shows an annual

Fig. 2. Map of the Bay of Brest (France), showing the spatial distribution of (a) sponge abundance and (b) biomass per square meter. Estuaries and har-
bors, depicted in gray in the map, have not been considered in the study.
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sponge Si consumption rate of 74.2 � 141.4 � 103 kg Si yr�1

(2.6 � 5.0 � 106 mol Si yr�1). The maerl beds, in which H. per-
levis, T. citrina, and S. ficus are abundant in both terms of
number of individuals and biomass, shows an annual Si con-
sumption rate of 73.6 � 112.7 � 103 kg Si yr�1 (2.6 � 4.0
� 106 mol Si yr�1). Collectively, the assemblage of siliceous
sponges in the Bay is estimated to consume annually
200.8 � 372.1 � 103 kg Si yr�1 (7.2 � 13.2 � 106 mol Si yr�1).

Sponge biogenic Si in sediments
The surface sediments (i.e., the upper 1-cm layer) of cores

SRQ3-KS34, SRQ1-IS05a, and SRQ3-KS04, contained, respec-
tively, a total of 1.07 (� 0.05), 1.30, and 0.32 million spicules
or spicule fragments per g of sediment, with an average spicule
content of 0.89 (� 0.51) million spicules g�1 sediment for the
set of studied cores (Table 4). In all cores, most spicules (98.3–
99.1%) were recognized as megascleres, either entire or frag-
mented. The microscopic study of the surface sediment in the
cores showed only small between-area differences in the mass
of sponge biogenic Si, which ranged from 0.799 to 2.505 mg
Si g�1 sediment (Table 4). The average content of sponge bio-
genic Si in the sediments of the Bay of Brest was 1.565
(� 0.866) mg Si g�1 sediment.

Sponge Si deposition rates in the studied areas ranged from
9.4 to 64.4 � 103 kg Si yr�1, depending on the habitat
(Table 5). When deposition rates were extrapolated to the total
extension of the shallow plateaus (i.e., 66.45 km2), it resulted
in a mean deposition rate of 108.7 � 9.1 � 103 kg Si yr�1

(3.9 � 0.3 � 106 mol Si yr�1). The sponge Si burial rate was
then calculated from the deposition rate and the average pres-
ervation rate of sponge silica determined by Maldonado et al.
(2019) for continental-shelf sediments. This approach yielded
an average burial rate of sponge silica in the sediments of the
shallow plateaus of 57.3 � 18.2 � 103 kg Si yr�1 (2.0 � 0.6
� 106 mol Si yr�1). The differences between deposition and
burial rate is, in the long run, the sponge contribution to the
benthic Si efflux from sediments, which was estimated to be
51.4 � 17.7 � 103 kg Si yr�1 (1.8 � 0.6 � 106 mol Si yr�1) for
the shallow plateaus of the Bay (Table 5).

According to the depositional environments of the Bay, the
deep sediments were not considered in the calculations of the
total sponge Si reservoir and sediment fluxes rates (see
Methods). This is also supported by the sponge spatial distri-
bution at the Bay, which shows that in the deepest areas spon-
ges are particularly low abundant (3.2 � 4.9 ind. m�2) and
their contribution to the Si standing stock is significantly low
(0.8 � 1.4 g Si m�2; Fig. 3). By extrapolating the sponge silica
content determined in the surface sediments of the Bay
(Table 5), a total sponge silica reservoir in the surface sediment
layer of the Bay of Brest of 1775 � 162 � 103 kg Si
(63.2 � 5.8 � 106 mol Si) was estimated.

Discussion
Sponge fauna within the Bay of Brest

The survey of sponge fauna in the Bay of Brest revealed
that sponges are widely present in most of the habitats (17–36
spp. per habitat; Table 1; Fig. 2; Supporting Information
Table S2). Only two habitats, the shallow muds and the rocky
intertidal, showed low sponge species richness (≤ 4 species per
habitat; Table 1; Supporting Information Table S2). These two
habitats, the former characterized by muddy bottoms and
scanty hard substratum and the latter by periodic air

Fig. 3. Summary of (a) average (� SD) abundance (individuals m�2), (b,
c) biomass (L sponge m�2; white bars), and silicon (Si) standing stock (g
Si m�2; black bars) in the siliceous sponge fauna of the habitats of the Bay
of Brest (France). Significant between-habitat differences of (a) abun-
dance and (b) biomass and Si stock of the sponge fauna are indicated
with different letters according to the results of Kruskal–Wallis analysis and
the a posteriori pairwise Dunn’s tests. (c) This graph makes visible the
contribution of the habitats with sponge biomass and Si standing stock
records lower than 1 L sponge m�2 and 100 g Si m�2. RI, rocky intertidal;
RS, rocky subtidal, MB for maerl beds, SM for shallow muds, HS for het-
erogeneous sediments, and CS for circalittoral coarse sediments.

L�opez-Acosta et al. Coastal silicon cycle through sponges

2438

 19395590, 2022, 11, D
ow

nloaded from
 https://aslopubs.onlinelibrary.w

iley.com
/doi/10.1002/lno.12211 by IFR

E
M

E
R

 C
entre B

retagne B
L

P, W
iley O

nline L
ibrary on [21/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



T
ab

le
3
.
Su

m
m
ar
y
of

bi
og

en
ic

si
lic
a
(i.
e.
,
Si
O

2
)
st
an

di
ng

st
oc

k
in

th
e
sp
on

ge
as
se
m
bl
ag

es
of

th
e
Ba

y
of

Br
es
t
(F
ra
nc

e)
.
A
ve
ra
ge

(�
SD

)
si
lic
a
co

nt
en

t
pe

r
un

it
of

vo
lu
m
e
of

liv
in
g
sp
on

ge
tis
su
e
(m

g
Si
O

2
m
L�

1
)
of

ea
ch

si
lic
eo

us
sp
on

ge
sp
ec
ie
s
an

d
av
er
ag

e
(�

SD
)
sp
on

ge
Si

st
oc

k
pe

r
sq
ua

re
m
et
er

(m
g
Si

m
�
2
)
in

ea
ch

ha
bi
ta
t

an
d
fo
r
th
e
to
ta
le

co
sy
st
em

of
th
e
Ba

y
of

Br
es
t.

B
io
g
en

ic
Si

co
n
te
n
t

(m
g
Si
O

2
m
L�

1
)

Sp
o
n
g
e
co

n
tr
ib
ut
io
n
to

th
e
Si

st
an

d
in
g
st
o
ck

(m
g
Si

m
�2

)

R
I

R
S

M
B

SM
H
S

C
S

Sp
o
n
g
e
sp

ec
ie
s

M
ea

n
SD

M
ea

n
SD

M
ea

n
SD

M
ea

n
SD

M
ea

n
SD

M
ea

n
SD

M
ea

n
SD

Am
ph

ile
ct
us

fu
co
ru
m

36
.1
3

4.
79

22
2.
88

65
5.
79

27
.5
9

12
4.
16

3.
17

13
.2
5

5.
31

25
.4
4

An
th
o
in
co
ns
ta
ns

33
.2
7

4.
25

10
1.
84

56
7.
05

Bi
em

na
va
ria

nt
ia

45
.3
8

4.
86

4.
79

26
.6
7

Bu
ba

ris
ve
rm

ic
ul
at
a

96
.2
1

11
.2
1

6.
77

24
.3
3

C
ha

lin
ul
a
cf
.l
im

ba
ta

43
.9
2

6.
96

31
.7
9

17
7.
00

C
io
ca
ly
pt
a
pe
ni
ci
llu
s

10
3.
61

0.
39

37
4.
14

14
56

.8
6

C
la
th
ria

st
re
ps
ito

xa
29

.7
8

2.
89

19
4.
81

51
9.
89

0.
77

4.
64

0.
76

2.
39

C
lio
na

ce
la
ta

85
.5
8

7.
24

13
4,
57

6.
89

38
9,
75

7.
49

29
61

.2
6

11
,1
45

.3
7

1.
11

6.
67

64
.0
9

13
4.
54

C
lio
na

lo
ba

ta
78

.1
5

5.
94

10
2.
10

12
2.
41

H
al
ic
ho

nd
ria

bo
w
er
ba

nk
i

58
.3
3

1.
83

7.
92

32
.4
1

11
6.
13

72
4.
07

0.
28

0.
96

H
al
ic
ho

nd
ria

pa
ni
ce
a

55
.4
0

11
.3
0

13
4.
18

33
7.
69

60
.0
7

19
7.
04

26
8.
83

67
7.
52

1.
56

4.
75

3.
97

14
.9
6

H
al
ic
ho

nd
ria

sp
.

71
.3
8

0.
77

43
4.
84

94
9.
91

73
.1
8

33
6.
72

H
al
ic
lo
na

an
gu

la
ta

39
.5
5

6.
92

25
.1
7

69
.1
9

H
al
ic
lo
na

ci
ne

re
a

37
.7
9

4.
50

17
.1
0

95
.1
9

6.
91

18
.0
2

1.
16

6.
94

1.
48

3.
37

H
al
ic
lo
na

fi
bu

la
ta

53
.6
4

6.
23

13
2.
65

38
6.
64

H
al
ic
lo
na

fi
st
ul
os
a

52
.5
2

21
.5
5

24
.2
9

13
5.
26

18
.6
5

11
6.
43

11
.6
4

55
.8
0

H
al
ic
lo
na

ro
se
a

32
.9
4

5.
41

13
.1
6

45
.1
2

11
6.
88

25
3.
13

20
.3
2

11
5.
42

1.
97

6.
53

H
al
ic
lo
na

si
m
ul
an

s
74

.9
5

16
.4
7

55
4.
65

16
13

.2
5

61
3.
86

13
74

.1
1

15
2.
11

41
1.
44

57
.5
6

15
0.
02

H
em

im
yc
al
e
co
lu
m
el
la

49
.4
1

7.
03

62
1.
31

16
25

.2
5

37
.8
2

16
5.
58

8.
66

51
.9
7

1.
10

5.
27

H
ym

ed
es
m
ia

cf
.o

cc
ul
ta

35
.9
9

6.
52

0.
88

3.
20

H
ym

ed
es
m
ia

co
ria

ce
a

32
.5
8

6.
30

0.
49

2.
74

5.
81

27
.8
1

0.
65

3.
11

H
ym

ed
es
m
ia

je
cu
sc
ul
um

36
.2
9

5.
67

21
.7
3

86
.5
3

H
ym

ed
es
m
ia

le
nt
a

30
.4
7

5.
05

)
7.
75

43
.1
7

7.
48

27
.5
6

H
ym

en
ia
ci
do

n
pe
rle
vi
s

48
.8
8

6.
18

19
75

.2
3

28
98

.5
0

79
4.
85

18
54

.7
5

39
68

.7
5

54
03

.6
9

59
6.
50

12
73

.2
9

54
.6
0

24
8.
94

Io
ph

on
hy

nd
m
an

i
42

.5
6

3.
16

5.
36

16
.9
7

Io
ph

on
ni
gr
ic
an

s
43

.7
7

2.
11

20
0.
99

90
5.
76

M
yc
al
e
co
nt
ar
en

ii
62

.6
9

7.
71

86
.5
0

22
2.
88

20
.8
8

91
.8
3

11
7.
22

59
4.
43

M
yc
al
e
m
ac
ile
nt
a

52
.8
7

5.
32

79
5.
91

20
50

.7
8

0.
14

0.
88

16
.9
1

69
.9
0

3.
19

8.
36

M
yx
ill
a
fi
m
br
ia
ta

50
.7
7

4.
34

12
8.
62

34
0.
78

0.
39

1.
86

M
yx
ill
a
ro
sa
ce
a

42
.6
4

4.
02

0.
15

0.
73

Pa
ch
ym

at
is
m
a
jo
hn

st
on

ia
11

6.
70

22
.0
1

39
18

.1
8

15
,4
45

.9
6

Pa
ra
tim

ea
co
ns
te
lla
ta

66
.9
4

4.
07

0.
44

1.
83

Ph
or
ba

s
fi
ct
iti
us

93
.2
0

5.
22

42
0.
82

20
61

.9
4

49
7.
65

14
19

.7
7

Ph
or
ba

s
pl
um

os
us

40
.9
5

15
.9
2

12
2.
27

64
9.
18

52
.5
4

16
0.
68

Po
ly
m
as
tia

bo
le
tif
or
m
is

58
.9
1

11
.5
1

58
.6
3

32
6.
44

0.
29

1.
38

Po
ly
m
as
tia

pe
ni
ci
llu
s

71
.4
1

7.
84

1.
27

6.
09

23
0.
17

12
58

.5
2

0.
10

0.
46

Pr
ot
os
ub

er
ite
s
cf
.d

en
ha

rt
og

i
57

.8
4

4.
85

77
.2
3

28
7.
25

0.
56

3.
38

Ra
sp
ai
lia

ra
m
os
a

56
.7
6

5.
60

1.
69

8.
12

Sp
an

io
pl
on

ar
m
at
ur
um

32
.4
8

3.
26

46
3.
15

92
0.
96

0.
24

0.
96

St
el
lig
er
a
st
up

os
a

44
.7
0

3.
04

76
.6
9

23
8.
29

0.
58

3.
48

0.
74

3.
48

Su
be
rit
es

fi
cu
s

11
4.
77

12
.4
5

99
5.
23

61
05

.8
4

58
2.
80

18
01

.6
5

49
72

.0
6

20
,9
26

.7
8

Su
be
rit
es

m
as
sa

96
.0
2

4.
70

0.
25

1.
60

Te
da

ni
a
an

he
la
ns

34
.9
0

6.
42

10
5.
64

49
3.
25

12
2.
48

26
6.
90

Te
th
ya

ci
tr
in
a

14
5.
57

14
.1
7

21
66

.2
8

37
80

.4
3

56
23

.0
0

15
,8
89

.1
1

31
03

.9
6

51
92

.5
0

17
43

.0
8

30
22

.6
7

76
.7
6

15
0.
91

Ti
m
ea

cr
as
sa

93
.8
9

4.
14

10
1.
31

44
9.
00

16
1.
92

60
8.
25

To
ta
l

59
.6
1

27
.0
7

42
83

.0
8

41
91

.3
2

15
1,
07

9.
97

38
7,
57

6.
21

10
,0
35

.8
4

10
,7
42

.4
0

35
44

.0
6

11
,1
26

.4
5

77
37

.0
9

20
,5
60

.6
0

79
4.
06

13
92

.1
2

C
S,

ci
rc
al
itt
or
al

co
ar
se

se
di
m
en

ts
;H

S,
he

te
ro
ge

ne
ou

s
se
di
m
en

ts
;M

B,
m
ae
rl
be

ds
;R

I,
ro
ck
y
in
te
rt
id
al
;R

S,
ro
ck
y
su
bt
id
al
;S

M
,s
ha

llo
w

m
ud

s.

L�opez-Acosta et al. Coastal silicon cycle through sponges

2439

 19395590, 2022, 11, D
ow

nloaded from
 https://aslopubs.onlinelibrary.w

iley.com
/doi/10.1002/lno.12211 by IFR

E
M

E
R

 C
entre B

retagne B
L

P, W
iley O

nline L
ibrary on [21/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



exposures during low tides, hosted only a handful of species
able to deal with those harsh conditions (Supporting Informa-
tion Table S2).

The taxonomic composition and spatial distribution of the
sponge fauna significantly differed between habitats (Table 1;
Fig. 2). Spatial heterogeneity has been widely reported for

sponge distributions across all oceans, with a variety of biolog-
ical and physical reasons behind it (Hooper 2019). Among the
habitats of the Bay, the rocky subtidal is the one with the
highest sponge biomass per unit area (3.8 � 9.7 L m�2;
Fig. 3b), reaching values similar to those reported in some
emblematic sponge aggregations in tropical and polar latitudes
(Maldonado et al. 2017 and references therein). The maerl
beds, which accounted for about one third of the total surface
of the Bay (Table 1), hosted most of the sponge individuals
and biomass of the Bay—79% � 46% of the total number of
sponges (1416 � 1474 million of individuals) and about
44% � 23% of the total sponge volume (31.9 � 47.0 � 106 L)
estimated at the Bay of Brest. Thus, the maerl beds of the Bay
serve as substrate to highly diverse and abundant sponge
fauna, which along with other benthic organisms, make these
bottoms real sponge and biodiversity hotspots, similar to what
has been reported for maerl beds from other ocean regions
(Sciberras et al. 2009; Ávila and Riosmena-Rodriguez 2011;
Neill et al. 2015).

Biogenic silica stock as sponge skeletons
Our results indicate that a substantial amount of the bio-

genic silica stock of the Bay of Brest is in the form of sponge
silica, in both the living sponge fauna and the sediments of

Fig. 4. Relationship between silicon (Si) standing stock (g Si m�2) and
biomass (L m�2) of siliceous sponges per m2 of sampled bottom at the
Bay of Brest (France). Symbols represent the location of the data (i.e.,
habitat; abbreviations mean: RI, rocky intertidal; RS, rocky subtidal; MB,
maerl beds; SM, shallow muds; HS, heterogeneous sediments; CS,
circalittoral coarse sediments). Sponge Si stock and biomass are shown in
logarithmic scale.

Table 4. Summary of the results obtained during the microscopic examination of the surface sediments of the Bay of Brest. Average
(� SD, when available) spicule counts (in millions per gram of sediment), contribution (%) of megascleres (spicules longer than
100 μm) and microscleres (spicules shorter than 100 μm), and mass of sponge silica per gram of sediment for each core are indicated,
as well as for the set of study cores.

Core
label Benthic habitat

No. of spicules
(N � 106 g�1 sed.)

Spicule-type
contribution (%)

Sponge Si in surface
sed.

(mg Si g�1 sed.)Megascleres Microscleres

SRQ3-KS34 Maerl beds (MB) 1.07 (� 0.05) 99.1 (� 0.3) 0.9 (� 0.3) 1.391 (� 0.241)

SRQ1-IS05a Shallow muds (SM) 1.30 99.0 1.0 2.505

SRQ3-KS04 Heterogeneous sediments (HS) 0.32 98.3 1.7 0.799

Average (� SD) 0.89 (� 0.51) 98.8 (� 0.4) 1.2 (� 0.4) 1.565 (� 0.866)

Table 5. Sponge silicon (Si) stock in the surface sediments of each depositional environment of the Bay of Brest, along with the deposi-
tion, burial and benthic flux rate of sponge Si. Area (km2) to which the sponge Si in sediments was extrapolated is indicated. These areas
do not correspond to the total habitat extension but to the habitat area that is above the sedimentation limit of the Bay (indicated with
a red dashed line in Fig. 1a) for cores representing the shallow depositional plateaus.

Core
label Benthic habitat

Area
(km2)

Sponge Si
stock Sponge Si fluxes

Reservoir
(103 kg Si)

Deposition rate
(103 kg Si yr�1)

Burial rate
(103 kg Si yr�1)

Benthic flux
(103 kg Si yr�1)

SRQ3-KS34 Maerl beds (MB) 40.06 937.93 34.91 18.39 16.52

SRQ1-IS05a Shallow muds (SM) 17.21 715.41 64.39 33.92 30.47

SRQ3-KS04 Heterogeneous sediments (HS) 9.18 121.70 9.38 4.94 4.44

Total 66.45 1775.04 108.68 57.25 51.43
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the Bay (Fig. 5). In the benthic communities, the Si standing
stock in the form of sponge skeletons totaled
1215 � 1876 � 103 kg of Si, that is, 45 times larger than that
of the planktonic diatoms living in the water column (see
below and Fig. 5). The siliceous skeleton within the sponges
accounted for 19.6–63.5% of the sponge dry weight,
depending on the species (average value = 45.8% � 10.6%
SiO2/DW = 59.6 � 27.1 mg SiO2 mL�1; Table 3). Similar bio-
genic Si content and between-species variability was also
reported in a sponge-rich community of the Belizean Meso-
american Barrier Reef (53.4 � 6.1 mg SiO2 mL�1; Maldonado
et al. 2010).

To date, only few studies have measured the amount of Si
trapped in sponge communities of shallow-water ecosystems.
The sponge Si standing stock per m2 in the Bay of Brest
(9.1 � 14.1 g Si m�2) is about four times higher than that
found in the sublittoral population of the encrusting
demosponge Crambe crambe at the Catalan coast of the NW
Mediterranean (2.5 � 2.7 g Si m�2; Maldonado et al. 2005)
and, interestingly, similar to that measured in the sublittoral
sponge-rich assemblages of the Belize section of the Meso-
american Barrier Reef (12.0 g Si m�2; Maldonado et al. 2010).
The sponge Si standing stock of the Bay of Brest is also similar
to that found at bathyal depths at the westward slope of the
Mauna Loa Volcano of Hawaii (12.6 g Si m�2; Maldonado

et al. 2005), where a dense monospecific population of the
highly silicified hexactinellid Sericolophus hawaiicus occurs.
Higher records of Si sponge stocks have only been reported
from (1) the monospecific sponge ground of the hexactinellid
Vazella pourtalessii at the Nova Scotian continental shelf, Can-
ada (43.8 � 74.6 g Si m�2; Maldonado et al. 2021); (2) the con-
tinental margins of Antarctica (178 g Si m�2; Gutt et al. 2013),
where heavily silicified demosponges and hexactinellids co-
occur; and (3) the singular epibathyal reefs of the hexa-
ctinellid Aphrocallistes vastus in British Columbia (Canada),
where high densities of heavily silicified individuals grow on
exposed skeletons of dead sponges, leading to outstanding
accumulations of sponge silica in the form of siliceous reefs
(4238 � 924 g Si m�2; Chu et al. 2011). Altogether, these
results support the idea that living sponge communities are
transient silicon sinks (Maldonado et al. 2005, 2010) and sug-
gest that relevant standing stocks of sponge silica are likely to
occur not only in deep-sea and polar latitudes but also in shal-
low-water ecosystems from temperate latitudes, in which
diverse and abundant sponge populations may easily develop
(Van Soest et al. 2012; Maldonado et al. 2017).

The amount of sponge silica accumulated in only the sur-
face (upper centimeter) sediment layer of the Bay of Brest
(1775 � 162 � 103 kg Si) falls in the same order of magnitude
than that accumulated in the living sponge fauna of the Bay

Fig. 5. Scheme summarizing the silicon stocks and fluxes through the sponge and planktonic diatom communities of the Bay of Brest (France). Stocks
and fluxes of silicon (Si) mediated by sponges are in orange, and those mediated by diatoms are in green. Stocks of biogenic silica are indicated in tons
of Si. Fluxes of silicic acid, with a dotted pattern, and those of biogenic silica, lacking the dotted pattern, are indicated in tons of Si per year. The size of
the boxes representing both stocks and fluxes is proportional to their rate. Fluxes of Si through diatoms are from Ragueneau et al. (2005), stock of bio-
genic silica in planktonic diatoms has been calculated from Beucher et al. (2004), and reservoir of diatom silica in surface sediments are from Song and
Ragueneau (2007). Asterisks refer to fluxes derived indirectly.
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(1215 � 1876 � 103 kg; Fig. 5). The Si stock in the surface sedi-
ments is in the form of siliceous spicules that reach the sedi-
ments after sponge death (Chou et al. 2012; Lukowiak
et al. 2013; Maldonado et al. 2019), the abundance of which
appears to be proportional to the silica standing stock in the
sponge communities living nearby (Bavestrello et al. 1996;
Lukowiak et al. 2013). The amounts of sponge silica deposited
in surface sediments of the Bay of Brest (0.799–2.505 mg Si
g�1 sediment; Table 4) are among the highest determined in
surface sediments of continental margins from different
oceans and seas (0.014–2.572 mg Si g�1 sediment; Sañé
et al. 2013; Maldonado et al. 2019). For instance, the amount
of sponge silica determined in the surface sediments of the
shallow muds (2.505 mg Si g�1 sediment, core SRQ1-IS05a;
Table 4) is nearly identical to that determined in the surface
sediments of the slope of the Bransfield Strait in Antarctica
(2.572 � 0.861 mg Si g�1 sediment; Maldonado et al. 2019),
where dense sponge aggregations occur (Ríos and
Cristobo 2014; Kersken et al. 2016; Gutt et al. 2019) and simi-
lar sedimentation rates have been reported (0.057–0.117 cm
yr�1; Masqué et al. 2002). Combining the cores examined in
this study (1.565 � 0.241 mg Si g�1 sediment), the sediments
of the Bay had about 60% more sponge silica than the average
estimated for the sediments of continental margins in the
global ocean (0.924 � 0.854 mg Si g�1 sediment; Maldonado
et al. 2019), indicating that sediments from areas where spon-
ges abound become an important reservoir of biogenic silica.

Silicon cycling through the sponge assemblage
The siliceous skeletons produced by the sponges as part of

their annual growth are progressively accumulated within the
sponge body for the lifespan, which is thought to range from
years to decades or centuries in shallow-water sponge species
from temperate latitudes (McMurray et al. 2008; Teixid�o
et al. 2011; McGrath et al. 2018). When a sponge dies or part
of its body is removed or damaged by either natural or anthro-
pogenic processes, the siliceous spicules within the sponge tis-
sue are freed and end deposited on the surface sediments
(Chou et al. 2012; Lukowiak et al. 2013; Maldonado
et al. 2019). In the Bay of Brest, the deposition of sponge silica
was estimated to be 108 � 9 � 103 kg Si yr�1 (Fig. 5). Such
average rate is about twice smaller than the average rate at
which sponges produce silica in the Bay (201 � 372 � 103 kg
Si yr�1; Fig. 5). Note that the large variation associated (i.e.,
SD) to the sponge Si production is related to the patchy spatial
distribution of the sponge biomass in the Bay, the records of
which were used to determine the sponge Si standing stock
and production in the Bay of Brest. If the sponge Si deposition
was twice smaller than the sponge Si production yr after yr, it
would mean that the sponge fauna of the Bay of Brest would
be increasing at a rate of 92 � 241 � 103 kg Si yr�1

(3.3 � 8.6 � 106 mol Si yr�1), which would double the sponge
Si standing stock (i.e., the sponge population) in about 13 yr.
This disagrees with the data from our sponge fauna survey of

the Bay over the last 6 yr and the long-term survey conducted
in the area by the Marine Observatory of the IUEM since
1997, which do not indicate that the sponge populations of
the Bay are increasing at such high rate, rather the abundance
and biomass of the sponge assemblages appear to be relatively
constant in the long run (J. Grall pers. comm.). Some reasons
may contribute to the imbalance between the annual silica
production and deposition rates. First, the sponge mortality
rate is unlikely to be constant every yr. Indeed, a longer time
frame (of at least a decade) is likely needed to capture the Si
cycling dynamics in the sponge populations (McMurray
et al. 2015; Bell et al. 2017). Second, there might be some
rapid (< 1 yr) dissolution of the most labile parts of the silica
in the sponge spicules upon they are freed to the seafloor.
Although sponge silica is more resistant to dissolution than
that of other silicifiers (Rützler and Macintyre 1978; Erez
et al. 1982; Maldonado et al. 2019), the most labile fraction of
the sponge silica might be dissolved before the spicules being
accumulated in the sediments. This would be in agreement
with a recent study (Ng et al. 2020) that has measured
through δ30 Si that the remineralization of silica from
demosponges —the same Class of sponges as those occurring
in the Bay of Brest— may be locally significant in surface sedi-
ments where sponges abound. In the study, Ng and co-
authors determined that the benthic Si effluxes from bottoms
with sponges were from 2 to 10 times higher than those from
sediments without sponges. Finally, it cannot be excluded that
part of the sponge silica deposited on the Bay bottoms is
exported out of the Bay during the monthly strong tidal cur-
rents during spring tides or during extreme storms events, the
force of which has been suggested to partially transport the
deposited sediments of the Bay (Beudin 2014). Further
research is necessary to resolve which of these processes, or if
a combination of them, could explain the imbalance between
the annual sponge silica production and deposition rates at
the Bay. In particular, a long-term monitoring of the sponge
fauna of the Bay will help to further understanding the func-
tioning of the sponge Si dynamics in this ecosystem and to
integrate long-term (> 1 yr) processes (e.g., mortality) into
annual estimations of sponge Si. In addition, it would be
interesting to investigate what the silica dissolution of the
sponge species of the Bay represents, for which there is no
information yet. This would provide a better understanding of
the proportion of sponge skeletons (if any) that dissolves
before the burial process begins.

Through deposition, the sponge silica accumulates in the
sediments of the Bay and is finally buried at an average rate of
0.06 cm yr�1 (Gregoire et al. 2017; Ehrhold et al. 2021).
Within the first centimeters of marine sediments, biogenic sil-
ica—no matter its origin—dissolves progressively until the
interstitial water becomes saturated in dissolved Si, an asymp-
totic condition in which biogenic silica dissolution typically
ceases (Rickert et al. 2002; Sarmiento and Gruber 2006; Khalil
et al. 2007). In the sediments of the Bay of Brest, the
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interstitial water reaches a dissolved Si asymptote at 10–15 cm
burial depth (Raimonet et al. 2013), meaning that below that
threshold, the amount of sponge silica buried annually
(57 � 18 � 103 kg Si yr�1; Fig. 5) is preserved definitively in
the sediments of the Bay. The difference between the sponge
silica deposited in surface sediments and that buried defini-
tively in the sediments (51 � 18 � 103 kg Si yr�1; Fig. 5) is
assumed to be dissolved as interstitial dissolved Si during the
early steps of burial. Such amount of dissolved Si contributes
to the saturation of interstitial water and ultimately feeds the
Si benthic efflux from the sediments of the Bay toward the
water column, a recycling process that helps to sustain the
populations of planktonic diatoms during the productive sea-
son in the Bay (Chauvaud et al. 2000; Ragueneau et al. 2002).
Such amount might contribute about 5.4% of the total ben-
thic Si flux of the Bay, which was estimated to be 1907 kg Si
yr�1 (Fig. 5; Ragueneau et al. 2005). Further investigation on
the processes involved in the dissolution of sponge silica dur-
ing the early steps of burial would help to quantify more accu-
rately at which level the sponge Si contributes to the benthic
dissolved Si efflux.

Sponge vs. diatom Si cycle at the Bay of Brest
The biogeochemical cycling of Si in the Bay of Brest

through planktonic diatoms is well studied (Delmas and
Tréguer, 1983; Del Amo et al. 1997; Chauvaud et al. 2000;
Beucher et al. 2004) and summarized in Ragueneau et al.
(2005). This budget was based on diatom Si flux rates and did
not consider the sponge Si flux rates, nor the biogenic silica
stocks of sponges and diatoms in the living communities and
sediments.

To compare the contribution of diatoms and sponges to
the Si budget of the Bay, the standing stocks and Si reservoirs
in the form of diatom silica were determined from the litera-
ture. According to it, the standing stock of diatoms in the
water column of the Bay ranges from 0.12 to 1.98 μmol Si L�1

over the yr (Beucher et al. 2004). Unlike sponges, diatom cells
have an ephemeral life of only days. Therefore, the silica
standing crop of planktonic diatoms is known to change dras-
tically from week to week and over seasons, depending on
nutrient availability and hydrological conditions (Sarthou
et al. 2005; Falkowski and Oliver 2007; Armbrust 2009). If the
annual mean of diatom silica in the Bay (0.9 μmol Si L�1;
Beucher et al. 2004) is homogeneously extrapolated to the
whole volume of the Bay of Brest (1.07 � 1012 L), an average
diatom silica standing stock of 27 � 103 kg Si (1.0 � 106 mol
Si) is obtained (Fig. 5). This figure integrates the seasonal vari-
ability occurring over the yr in the Bay, which range from a
minimal value of 18 � 103 kg Si (0.6 � 106 mol Si) in winter
to a maximum value of 36 � 103 kg Si (1.3 � 106 mol Si) in
spring.

The fate of diatom silica in surface sediments is largely
influenced by the active filter-feeding of mollusks in the Bay,
which defecate Si-rich feces that facilitate the retention of

diatom silica at the sediment surface (Chauvaud et al. 2000;
Ragueneau et al. 2002; Ragueneau et al. 2005). The content of
diatom silica in the surface sediment of the Bay was deter-
mined from the analysis of 86 sediment samples from 43 sta-
tions across the Bay, which capture both the intra-annual
variability (43 samples were sampled in winter and 43 in late
summer) and the different depositional environments of the
Bay (Song and Ragueneau 2007). It resulted in an average dia-
tom silica reservoir in the surface sediments of the Bay of
248 � 103 kg Si (8.8 � 106 mol Si; Fig. 5).

When the Si stocks and fluxes of sponges are compared
with those of planktonic diatoms, there are marked differences
(Fig. 5). The rates at which Si is processed through diatoms are
one order of magnitude higher than those through sponges.
On the contrary, diatom Si stocks are between 7 and 45 times
smaller than those of sponges (Fig. 5), in agreement with the
only study to date comparing Si standing stocks in sponges
and diatoms in a coastal ecosystem (Maldonado et al. 2010).
These differences indicate that sponges and diatoms play their
respective roles in the Si budget of the Bay at different speeds
and through different mechanisms. The turnover of the dia-
tom silica standing stock (i.e., standing stock: production rate)
in the Bay is about 3 d, whereas that of sponge silica is about
6 yr, that is, approximately 800 times slower than that of dia-
tom silica. Similarly, the turnover of diatom silica stock in sur-
face sediments (i.e., reservoir in sediment: deposition rate) is
about 1 month, whereas that of sponge silica is about 16 yr
(ca. 170 times that of diatom silica). This means that the
cycling of Si through diatoms is comparatively faster, with Si
mainly cycling through them (repeatedly over a yr) rather
than being accumulated. In contrast, Si accumulates in huge
amounts in sponges over long periods (≥ 10 yr), being slowly
processed through them. These results show that impacts on
either the sponge populations or the sediments nearby sponge
aggregations could have a long-term impact on the sponge Si
cycling dynamics, which will require decades to be restored.

Conclusion
In shallow-water ecosystems, planktonic and benthic sili-

cifiers have to share the dissolved Si pool and compete to
incorporate this nutrient, which is critical for the growth of
both organisms. Our study highlights that even in coastal,
shallow-water systems with a high primary productivity domi-
nated by planktonic diatoms—such as the Bay of Brest, spon-
ges may account for a stock of biogenic silica as large as 89–
98%. This stock cycles slowly compared to that of diatoms
and accumulates biogenic Si in the sediments. These results
suggest that the Si cycling through sponge communities is
substantially different from that through diatom assemblages.
Therefore, the comparison between the roles of these two
groups of silicifiers is not straightforward due to their contra-
sting biological features (e.g., benthic and long living vs
planktonic and short living). Yet these two types of silicifiers
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need to be quantitatively integrated in future approaches, if
we aim to understand the intricacies of the Si cycle in coastal
systems.

Data availability statement
Data and metadata of this study are available at http://hdl.

handle.net/10261/275469.
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