
Ocean Sci., 21, 3427–3470, 2025
https://doi.org/10.5194/os-21-3427-2025
© Author(s) 2025. This work is distributed under
the Creative Commons Attribution 4.0 License.

Silicification in the ocean: from molecular pathways to silicifiers’
ecology and biogeochemical cycles
Ivia Closset1,2, J. Jotautas Baronas3, Fiorenza Torricella4,5, Félix de Tombeur6,7, Bianca T. P. Liguori8,
Alessandra Petrucciani9,10, Natasha Bryan11, María López-Acosta12, Yelena Churakova13, Antonia U. Thielecke11,
Zhouling Zhang8, Natalia Llopis Monferrer14,15, Rebecca A. Pickering16, Mathis Guyomard17, and Dongdong Zhu18

1Finnish Meteorological Institute, Dynamicum Erik Palménin aukio 1, Helsinki, Finland
2Marine Science Institute, University of California Santa Barbara, Santa Barbara, CA, USA
3Department of Earth Sciences, Durham University, Durham, UK
4Department of Mathematics, Informatics and Geosciences, MIGe, University of Trieste, Trieste, Italy
5Instituto of Polar Sciences, ISP-CNR, Bologna, Italy
6CEFE, Univ Montpellier, CNRS, EPHE, IRD, Montpellier, France
7School of Biological Sciences and Institute of Agriculture, The University of Western Australia, Perth, WA, Australia
8GEOMAR, Helmholtz Centre for Ocean Research, Kiel, Germany
9Dipartimento di scienze della vita e dell’ambiente, Università Politecnica delle Marche, Ancona, Italy
10CIRCC, Consorzio Interuniversitario Reattività Chimica e Catalisi, Italy
11Alfred Wegener Institute Helmholtz Centre for polar and marine research, Bremerhaven, Germany
12Instituto de Investigaciones Marinas (IIM), CSIC, Vigo, Spain
13Centre for Ecology and Evolution in Microbial Model Systems (EEMiS), Linnaeus University, Kalmar, Sweden
14Sorbonne University, CNRS, UMR7144 Adaptation and Diversity in Marine Environment (AD2M) Laboratory,
Ecology of Marine Plankton team, Station Biologique de Roscoff, Roscoff, France
15Monterey Bay Aquarium Research Institute, Moss Landing, CA, USA
16Department of Geological Sciences, Stockholm University, Stockholm, Sweden
17LOCEAN-IPSL, Sorbonne Université (SU, CNRS, IRD, MNHN), Paris, France
18Key Laboratory of Marine Chemistry Theory and Technology, Ministry of Education, Ocean University of China,
Qingdao, China

Correspondence: María López-Acosta (lopezacosta@iim.csic.es) and Antonia U. Thielecke (antonia.thielecke@awi.de)

Received: 4 August 2025 – Discussion started: 15 August 2025
Revised: 22 October 2025 – Accepted: 27 October 2025 – Published: 11 December 2025

Abstract. The oceanic silicon (Si) cycle has undergone a
profound transformation from an abiotic system in the Pre-
cambrian to a biologically regulated cycle driven by siliceous
organisms such as diatoms, Rhizaria, and sponges. These
organisms actively uptake Si using specialized proteins to
transport and polymerize it into amorphous silica through the
process of biosilicification. This biological control varies de-
pending on environmental conditions, influencing both the
rate of silicification and its ecological function, including
structural support, defence, and stress mitigation. Evidence
suggests that silicification has evolved multiple times in-
dependently across different taxa, each developing distinct

molecular mechanisms for Si handling. This review identi-
fies major gaps in our understanding of biosilicification, par-
ticularly among lesser-known silicifiers beyond traditional
model organisms like diatoms. It emphasizes the ecological
significance of these underexplored taxa and synthesizes cur-
rent knowledge of molecular pathways involved in Si uptake
and polymerization. By comparing biosilicification strategies
across taxa, this review calls for expanding the repertoire
of model organisms and leveraging new advanced tools to
uncover Si transport mechanisms, efflux regulation, and en-
vironmental responses. It also emphasizes the need to inte-
grate biological and geological perspectives, both to refine

Published by Copernicus Publications on behalf of the European Geosciences Union.



3428 I. Closset et al.: Silicification in the ocean

palaeoceanographic proxies and to improve the interpreta-
tion of microfossil records and present-day biogeochemi-
cal models. On a global scale, Si enters the ocean primar-
ily via terrestrial weathering and is removed through burial
in sediments and/or authigenic clay formation. While open-
ocean processes are relatively well studied, dynamic bound-
ary zones – where land, sediments, and ice interact with sea-
water – are increasingly recognized as key interfaces reg-
ulating global Si fluxes, though they remain poorly under-
stood. Therefore, special attention is given to the role of dy-
namic boundary zones such as the interfaces between land
and ocean, the benthic zone, and the cryosphere, which are
often overlooked yet play critical roles in controlling Si cy-
cling. By bringing together cross-discipline insights, this re-
view proposes a new integrated framework for understanding
the complex biological and biogeochemical dimensions of
the oceanic Si cycle. This integrated perspective is essential
for improving global Si budget estimates, predicting climate-
driven changes in marine productivity, and assessing the role
of Si in modulating Earth’s long-term carbon balance.

1 Introduction

Silicon (Si) is the second most abundant element in the
Earth’s crust after oxygen and plays a crucial role in a vari-
ety of biological and biogeochemical processes (Struyf et al.,
2009; Tréguer et al., 2021). It is a nutrient used by various ter-
restrial organisms, including plants and mammals, as well as
a diverse range of marine life, such as unicellular diatoms and
multicellular sponges (DeMaster, 2003; Farooq and Dietz,
2015). These organisms, collectively referred to as silicifiers,
produce siliceous structures (also known as biogenic silica,
bSi, or opal) through a biologically controlled process known
as biosilicification (in the context of this paper biosilicifica-
tion and silicification are used interchangeably). These silici-
fiers modulate Si cycling in the ocean through Si uptake and
act as vessels of Si sedimentation and burial. While diatoms
have received the most attention in biosilicification research
due to their ecological importance, abundance, and relative
ease to maintain in culture, they are not the only marine silici-
fiers. Recent studies have highlighted the importance of other
key groups such as Rhizaria and sponges (Llopis Monfer-
rer et al., 2020; López-Acosta et al., 2018; Maldonado et al.,
2020). Silicon also contributes to other forms of biominer-
alization beyond siliceous structures made by silicifiers. It
plays a role in the calcification of some coccolithophores
(Durak et al., 2016; Ratcliffe et al., 2023a) and in the for-
mation of silicified mouthparts in copepods (Naumova et al.,
2015). In plants, Si is found at a wide range of concentrations
and silicification contributes to the regulation of numerous
biotic and abiotic stresses (Currie and Perry, 2007). Further-
more, the use of Si extends beyond eukaryotes, and it has
been demonstrated that marine picocyanobacteria are able to

accumulate important quantities of bSi (Baines et al., 2012).
This growing body of work reveals that biosilicification is a
widespread and evolutionary diverse phenomenon. Broaden-
ing our focus beyond diatoms is therefore essential to fully
capture the complexity and global significance of biosilicifi-
cation and its influence on the Si cycle in the ocean.

Particularly among non-model taxa such as protists,
sponges, and picocyanobacteria, the physiological mecha-
nisms underlying Si uptake, transport, and polymerization
are still unknown, limiting our ability to generalize across
taxa or predict functional responses to environmental change.
Moreover, the role of silicifiers in shaping Si dynamics in
the modern ocean and over geological timescales remains
difficult to quantify. This is due to limited in situ measure-
ments, unknown isotopic fractionation pathways, and the in-
sufficient integration of biological diversity into global bio-
geochemical models. This includes a limited representation
of how silicifiers influence other biogeochemical cycles, par-
ticularly the carbon (C) cycle, despite their major role in trap-
ping C in surface waters and contributing to its long-term
sequestration into the deep ocean via the biological pump
(Laget et al., 2024; Ragueneau et al., 2006; Tréguer et al.,
2018). Together, these knowledge gaps hinder our ability to
assess how the Si cycle may respond to ongoing environmen-
tal changes, including global warming, ocean acidification,
and shifts in nutrient availability.

In celebration of the Ocean Science Jubilee, we – a group
of early-career researchers specializing in biosilicification
and Si cycling – have collaborated to produce this review,
which synthesizes current understanding of biosilicification
across diverse organisms and its influence on the global ma-
rine Si cycle. We summarize existing knowledge on Si trans-
port and polymerization at the cellular and molecular lev-
els, the biological functions of bSi, and the environmental
and ecological factors that regulate biosilicification. We also
explore the taxonomic diversity of marine silicifiers and as-
sess their roles in Si cycling across geological timescales
and the modern ocean. Where relevant, we include examples
from terrestrial ecosystems to highlight similarities and dif-
ferences with marine silicifiers and identify opportunities for
cross-system knowledge exchange. In addition, we examine
key marine Si cycling processes in the different Earth inter-
face zones (i.e., land-ocean, sediment-ocean, and ice-ocean),
which are often underrepresented in global models but play
a pivotal role in Si transformation and fluxes. In doing so, we
highlight how stable (29Si and 30Si) and radioactive (32Si)
isotopic tools have been instrumental in uncovering the con-
tributions of these interfaces, as well as the broader biogeo-
chemical impacts of silicifiers across time and space. Finally,
we identify major knowledge gaps and unknowns across tax-
onomic, physiological, ecological, and biogeochemical do-
mains, and propose a framework for future interdisciplinary
research to address these challenges and advance our under-
standing of biosilicification and the global marine Si cycle.
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2 Silicification: a widespread yet enigmatic process

Silicification involves the incorporation of inorganic Si into
living organisms to form silica structures. This form of
biomineralization represents a remarkable feat of biologi-
cal engineering, characterized by the precise precipitation of
amorphous silica within specialized cellular compartments.
In the ocean, Si is found in dissolved form as silicic acid,
which is readily available for biological uptake by organisms.
The silicification process in marine environments occurs at
relatively low temperatures, typically ranging from a few de-
grees Celsius in deep waters or high latitudes to around 30 °C
in tropical surface waters. In contrast, synthetic silica forma-
tion in industrial or laboratory settings generally requires sig-
nificantly higher temperatures and controlled conditions to
facilitate precipitation and structural formation (De Tommasi
et al., 2017). This stark difference highlights the efficiency
of biological silicification, which occurs under ambient envi-
ronmental conditions without the need for high temperatures
or external catalysts (Livage, 2018).

Understanding silicification reveals the mechanisms by
which organisms produce highly intricate and functionally
optimized structures (see Box 1 for tools used to study
biosilicification and Si uptake). Studying biological silici-
fication not only deepens our knowledge of biomineraliza-
tion and evolutionary adaptations but also has potential ap-
plications in biomimetic materials, nanotechnology, and sus-
tainable engineering. Despite its broad distribution among
marine lineages and the well-recognized benefits, such as
protection from predation, light regulation, and enhanced
structural support (Ghobara et al., 2019; Pančić et al., 2019;
Petrucciani et al., 2022a), the specific requirements for Si and
the mechanisms underlying its metabolism remains poorly
defined in most living groups.

In marine environments, most work on silicification pro-
cesses has focused on diatoms, admittedly due to their abun-
dance and the relative ease of culturing them. In these organ-
isms, silicification begins with the intracellular accumula-
tion of Si, which must reach a sufficiently high concentration
(1–340 mM) for deposition (Kumar et al., 2020a). Dissolved
silica (dSi) from the environment is transported across the
plasma membrane into the cell and concentrated in special-
ized intracellular compartments called silica deposition vesi-
cles (SDVs, Fig. 1; Martin-Jézéquel et al., 2000), where con-
trolled amorphous silica deposition occurs. Given the lim-
ited availability of dSi in modern oceans (ranging from under
2 µM in the surface water of central gyres to around 100 µM
in polar regions; Tréguer et al., 1995), its uptake is consid-
ered the key step in silicification. While most studies have
focused on dSi influx, an often-overlooked but crucial pro-
cess is Si efflux from the cell, which helps prevent exces-
sive intracellular Si accumulation that could lead to auto-
polymerization and disrupt cellular function (Petrucciani et
al., 2022b). Efflux has been proposed to operate through a
mechanism similar to that of the influx but in reverse, al-

though the role of sodium in this process remains unclear
(Thamatrakoln et al., 2006).

While silicification in unicellular organisms like diatoms
is relatively well understood, the process becomes signif-
icantly more complex in multicellular organisms. Unlike
single-celled organisms, where dSi is directly taken up from
the environment, in multicellular systems, it must traverse
multiple cellular barriers before reaching the site for silica
deposition (Fig. 1). For example, in sponges, Si uptake and
deposition involve several sequential steps. Sponges take up
dSi from seawater through their outer epithelial cells and
transport it internally across multiple cell layers to special-
ized silica-secreting cells called sclerocytes. Within sclero-
cytes, dSi is concentrated in SDVs, where polymerization
occurs to form silica spicules, the structural elements of the
sponge skeleton (Maldonado et al., 2020).

2.1 Silicon transport

Silicic acid, a small and uncharged molecule, can diffuse
freely across membranes at environmentally relevant concen-
trations, making diffusion the main mode of uptake in di-
atoms (Thamatrakoln and Hildebrand, 2008). However, the
average surface seawater silicic acid concentration in marine
environments is 10 µmol L−1 (Conley et al., 2017; Frings et
al., 2016), which is relatively low compared to the amounts
required for biomineralization. To overcome this limitation,
diatoms rely on specialized protein-mediated active trans-
port systems to efficiently take up and concentrate Si within
the diatom cell, ensuring the formation of silica-based struc-
tures. This process is tightly regulated, with specific proteins
preventing premature silica polymerization during the initial
stages of silicification.

The first Si transporters (SITs) were identified in the
pennate diatom Cylindrotheca fusiformis (Hildebrand et al.,
1997). These sodium-coupled active transporters facilitate
silicic acid uptake from the environment and exhibit vari-
ations in cellular localization, binding affinity and trans-
port rates. Diatoms possess multiple SITs (Durkin et al.,
2016) with distinct gene expression patterns, potentially cor-
responding to different silicification roles (Thamatrakoln et
al., 2006). Structurally, SITs typically contain 10 transmem-
brane domain segments (TMDs), arranged as two symmetri-
cal 5 TMDs, and operate through a proposed transport model
based on well-conserved amino acid motif pairs: EGXQ and
GRQ (Thamatrakoln et al., 2006), which are believed to play
key roles in substrate recognition and translocation across
the membrane. The hydroxyl group of silicic acid binds to
the carbonyl group of the glutamine in the EGXQ motif in
the SIT proteins, triggering a conformational change that al-
lows silicic acid to pass through the membrane (Knight et al.,
2016).

SITs have been identified in many eukaryotic super-
groups, such as chrysophytes (Likhoshway et al., 2006) and
choanoflagellates (Marron et al., 2013). These SITs, along
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Figure 1. Schematic representation of the silicification process in unicellular and multicellular organisms. (Top) Silicification in unicellular
organisms, illustrated with a model diatom. Two main phases are shown: intracellular formation (left) and exocytosis (right) of the silica-
based cell wall. In the first phase, dSi is transported via Si transporters (SITs) into the membrane-bound silica deposition vesicle (SDV), where
polymerization forms the intricate valve structure. In the second phase, the mature silica element is exocytosed: the distal SDV membrane
and plasma membrane gradually detach from the newly formed silica and disintegrate in the extracellular space, while the proximal SDV
membrane remains and functions as the new plasma membrane, forming the interface between the cell and its environment. (Bottom)
Silicification in multicellular organisms, illustrated using Hexactinellid sponges. Two phases are also depicted: intracellular formation (left)
and extracellular elongation (right). During the first phase, dSi is transported to the silica deposition vesicle (SDV) inside specialized cells
called sclerocytes, where proteins and enzymes regulate silica polymerization to form spicules. Once spicules outgrow the cell, formation
continues extracellularly, though the molecular and cytological mechanisms governing this phase remain largely unresolved.

with those from diatoms, are proposed to have evolved from
SIT-like (SIT-L) proteins through duplication and fusion
events (Knight et al., 2023; Marron et al., 2016). SIT-L pro-
teins resemble half-completed variations of SITs, containing
only 5 TMDs and a single EGXQ-GRQ motif pair, and likely
originated in bacteria (Marron et al., 2016). Although SIT-
Ls share structural similarities with SITs, their role in silicic
acid uptake remains uncertain. This uncertainty is reinforced
by the observation that eukaryotic lineages containing SIT-
Ls tend to be less silicified than those with SITs (Hendry et
al., 2018; Marron et al., 2016; Ratcliffe et al., 2023b). Re-
cently, a SIT-L protein from the coccolithophore Coccolithus
braarudii was confirmed to actively drawdown silicic acid in

a heterologous system (Ratcliffe et al., 2023b). However, this
study also suggests that SIT-Ls are less efficient transporters
than conventional SITs, as their silicic acid uptake remained
undetectable even when using highly sensitive radioisotopic
methods (32Si) typically used to measure uptake of silicic
acid in diatoms and Rhizaria (see Box 1).

Ocean Sci., 21, 3427–3470, 2025 https://doi.org/10.5194/os-21-3427-2025
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Box 1: Studying biosilicification and Si uptake: from molecular tools to radioisotope enrichment physiological
experiments

Biosilicification is the molecular process by which organisms take up silicic acid and transform it into resistant, elastic bioma-
terials. The study of this process is crucial not only for understanding its biological and ecological significance, but also for
unlocking sustainable solutions in material sciences. At the same time, insights gained at the molecular and cellular levels en-
hance our understanding of the marine Si cycle and improve the accuracy of global biogeochemical models. Recent advances
in molecular and single-cell techniques are pushing the frontiers of this field. This toolbox highlights the key technologies
currently used to investigate biosilicification.

A central focus in biosilicification research is the identification of molecular markers that signal the presence of this pro-
cess. Among these, Si transporters are particularly informative. Due to their highly conserved (Hildebrand et al., 1997), these
proteins are frequently identified using sequence similarity searches, hidden Markov models, and phylogenetic analyses to
detect them in genome and transcriptome datasets (e.g. Durkin et al., 2016; Marron et al., 2016). Functional annotation and
expression analyses can help confirm their roles in silicon transport and their regulation across different environmental condi-
tions and taxa. However, silicon transporters are not necessarily the only proteins involved in this complex process. An indirect
approach to studying silicification-related genes is to compare RNA transcript levels under limiting and excess silicate avail-
ability. By correlating the transcription of unknown genes with that of known silicifying proteins (e.g. Maniscalco et al., 2022;
Thamatrakoln and Hildebrand, 2008), it is possible to identify potential candidates involved in silica metabolism. However, this
approach is limited to the organisms that can be cultured or maintained in controlled conditions. Beyond genetic analyses, tools
such as AlphaFold (Abramson et al., 2024; Mirdita et al., 2022) provide accurate structural predictions of proteins (Jumper et
al., 2021). By modelling protein structures, it is possible to study active sites, binding interactions with silica precursors, and
the molecular mechanisms driving silica deposition (Knight et al., 2023). Computational simulations and molecular docking
further refine these insights by examining protein interactions with silicic acid and other biomolecules. In addition, structural
alignment algorithms such as the Foldseek cluster (Barrio-Hernandez et al., 2023) enable large-scale comparisons, helping to
identify domain families and detect remote structural similarities, shedding light on protein function and evolution in diverse
organisms. Integrating these predictive approaches with experimental techniques such as electron cryomicroscopy, X-ray crys-
tallography, and biochemical assays strengthens structural interpretations, deepening our understanding of biomineralization
processes.

There are also qualitative methods for studying silicification, such as the use of fluorescent compounds. More recent de-
velopments have used PDMPO ((2-(4-pyridyl)-5-[(4-(2-dimethylamino-ethylaminocarbamoyl)methoxy)-phenyl]oxazole) in
sponges, diatoms, and siliceous Rhizaria (McNair et al., 2015; Ogane et al., 2009; Schröder et al., 2004). This compound
is incorporated into newly polymerized bSi under acidic conditions and emits a strong green fluorescence allowing for single-
cell and mortality-independent information on silicification and growth rates (Leblanc and Hutchins, 2005; McNair et al.,
2015; Shimizu et al., 2001). While this technique is not fully quantitative, these fluorescent markers provide valuable insight
into the silicification process, helping to determine the spatial and temporal patterns of silica deposition and offering a deeper
understanding of biomineralization dynamics.

The study of radioisotopes and stable isotopes also provides valuable insights into the dynamics of silicification, includ-
ing uptake mechanisms, intracellular processing, and environmental influences. Silicon stable isotope tracing (30Si) has long
been used to simultaneously quantify bSi production and dissolution in the ocean. (Fripiat et al., 2007; Nelson and Goering,
1977). Despite the long sample preparation times and complex instrumental analysis required, they offer a powerful tool to
understand and quantify nutrient uptake mechanisms, especially when used in conjunction with other stable isotopes such as
carbon (13C) or nitrogen (15N-nitrate or 15N-ammonium). Using secondary ion mass spectrometry, it is possible to obtain direct
measurements of single cell uptake rates from the same sample (Olofsson et al., 2019). Beyond their use in ecosystem-scale
studies, 30Si has also been directly applied to investigate biosilicification pathways. For instance, Marron et al. (2019) explored
silicification in cultured choanoflagellates and highlighted potential similarities with sponge pathways, complementing mech-
anistic modelling of sponge Si isotope fractionation (Wille et al., 2010; updated by Maldonado and Hendry, 2025). In vitro
experiments have also demonstrated the role of diatom proteins in fractionating Si isotopes, using the R5 peptide as a model
for natural biomolecules involved in diatom silicification (Cassarino et al., 2021).

Due to its easy applicability and increased sensitivity compared to stable isotopes, Si radioisotope tracing (32Si) has gained
increasing popularity in recent decades (Closset et al., 2021; Giesbrecht and Varela, 2021; Krause et al., 2019). It has been
successfully applied to a variety of silicifying organisms, beginning with diatoms and later extended to others like Rhizaria
(Llopis Monferrer et al., 2020). This technique may also be applicable to other organisms such as silicoflagellates and sponges,
that can be maintained under controlled conditions.
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While SITs and SIT-Ls play a crucial role in Si transport
in unicellular silicifiers, the mechanisms governing this pro-
cess in multicellular organisms appear to be fundamentally
different, suggesting independent evolutionary pathways for
silicification. In sponges, Si transport involves both passive
and active transport mechanisms. Passive transport occurs
via aquaglyceroporins, facilitating Si diffusion along its con-
centration gradient. Active transport is mediated by Na+-
coupled co-transporters, enabling Si accumulation against its
gradient. This dual transport system allows sponges to ac-
quire dSi from seawater and transport it through the various
cell barriers to the sites of spicule formation, where polymer-
ization is initiated (Maldonado et al., 2020).

Research on Si transport in marine macrophytes is rather
limited, despite recent evidence that they may play a key
role in marine Si biogeochemistry (e.g. macroalgae; Yacano
et al., 2021). In seagrasses, a protein called Siliplant1 has
been associated with the vesicular transport of silica into the
apoplast, the network of cell walls and intracellular spaces
outside the plasma membrane, facilitating its incorporation
into the extracellular matrix (Kumar et al., 2020b; Nawaz et
al., 2020). For example, in Zostera marina, this mechanism
likely facilitates the deposition of amorphous silica within
cell walls and intercellular spaces that can persist even af-
ter harsh chemical treatments like alkaline digestion (Roth
et al., 2025). Despite such evidence of “active Si transport”,
more research is needed to better understand and characterize
Si accumulation in marine macrophytes. In this respect, re-
search on terrestrial plant species may provide valuable infor-
mation. In particular, the tremendous variation in plant Si ac-
cumulation between terrestrial plant species (e.g. in leaves, Si
concentration ranges from negligible amounts to over 10 %
of dry weight; de Tombeur et al., 2023b) is classically at-
tributed to the relative importance of passive and active trans-
port (Liang et al., 2006). In short, the presence of specific in-
flux and efflux channels encoded by specific genes would al-
low silicic acid uptake from the soil solution. Notably, a gene
coding for cell-specific silica deposition has been recently
identified in rice (Mitani-Ueno et al., 2023), shedding light
on why certain taxa accumulate significantly more Si than
others (Deshmukh et al., 2020; Hodson et al., 2005). How-
ever, such gene-based mechanisms remain poorly explored
in marine plants. For instance, only a few proteins, such as
Siliplant1, have been tentatively linked to Si transport in sea-
grasses (Kumar et al., 2020b; Nawaz et al., 2020), with ho-
mologues of other known Si transporter genes in plants yet
to be found.

2.2 Silica polymerization

Extensive research has sought to understand how silicic acid
is internalized by silicifying organisms. This process is still
being actively studied to better understand its details, even
though a lot of research has already been done in model
diatoms (Hildebrand et al., 2018; Mayzel et al., 2021; Mc-

Cutchin et al., 2025), as well as in sponges (Shimizu et al.,
2015, 2024; Wang et al., 2012), and plants (Kumar et al.,
2017a, b, 2021; Zexer et al., 2023). Silicification can occur
intracellularly or extracellularly, but in all cases, specialized
proteins guide the formation of silica into intricate nanoscale
shapes.

Diatoms are characterised by their ability to exploit sili-
cic acid to build a siliceous external cell wall, called a frus-
tule. In diatoms, silica polymerization and frustule synthe-
sis occur within SDVs. These vesicles have been visualized
using transmission electron microscopy but have yet to be
biochemically isolated (Hildebrand et al., 2018; Hildebrand
and Lerch, 2015). The internal environment of the SDVs is
slightly acidic, facilitating the polymerization of silicic acid
into a gel-like silica network (Iler, 1979). Once inside the
cells, yet unidentified binding components – potentially lig-
ands or proteins – are thought to maintain silicic acid in so-
lution and prevent premature autopolymerisation, which oc-
curs at concentrations exceeding 2 mM (Martin-Jézéquel et
al., 2000). Although polymerization was long assumed to
be restricted to SDVs, recent discoveries in certain diatom
species with elaborate silica appendages suggest that silicifi-
cation may also occur extracellularly (Mayzel et al., 2021).

Silicon polymerization in diatoms is finely controlled by
specialized proteins, with silaffins being the most extensively
studied. These small, lysine- and serine-rich peptides catal-
yse silica polymerization, and the morphology of the result-
ing silica structure depends on their concentration and spe-
cific combination (Kröger et al., 1999, 2002). Other key pro-
teins include long-chain polyamines (LCPAs), which catal-
yse silica polymerization in the presence of polyanions, and
silacidins, proteins rich in serine and acidic amino acids that
catalyse silica formation in the presence of LCPAs (Wenzl
et al., 2008). Additional proteins contribute to specific steps
in the process: (1) Cingulins, which are rich in tryptophan
and tyrosine, localize to the girdle bands of diatom frus-
tules; (2) Ammonium fluoride insoluble proteins (AFIM)
are hypothesized to serve as pattern-forming base layers,
and (3) silicalemma associated proteins (SAPs), including
Silicanin-1, probably function as intermediaries between the
cytoskeleton and the SDV (Görlich et al., 2019; Kotzsch et
al., 2017; Tesson et al., 2017).

Silica polymerization in sponges is also biologically regu-
lated and occurs both intracellularly and extracellularly. Gen-
erally, intracellularly polymerization occurs within SDVs lo-
cated in sclerocytes: The formation of longer spicules (i.e.
250–300 µm), known as megascleres, is completed outside
the cell, where silica is deposited externally (Schröder et al.,
2007). Initial formation begins inside the sclerocyte but is
transported out of the cell for further elongation, although
the mechanisms underlying extracellular silicification remain
poorly understood. Some studies suggest that sclerocytes
may either release exosome-like, silica-rich vesicles (silica-
somes) or physically migrate along the growing spicule, de-
positing silica directly without the need for protein media-
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tion (Müller et al., 2013; Schröder et al., 2007; Wang et al.,
2012). More recently, specific enzymes involved in extracel-
lular silica deposition have been identified in hexactinellid
sponges (Shimizu et al., 2024), suggesting a more complex
and regulated process than previously assumed. However,
some evidence also indicates that not all large hexactinel-
lid spicules are completed extracellularly, challenging the as-
sumption that size alone determines the transition from intra-
to extracellular silicification (Mackie and Singla, 1997).

Most research on the enzymatic control of silica polymer-
ization in sponges is relatively recent. The first enzyme iden-
tified in this process, silicatein, was described by Shimizu
et al. (1998). Silicateins are cathepsin-like proteins that cat-
alyze the hydrolysis and condensation of silicic acid, facil-
itating controlled silica polymerization (Müller et al., 2007;
Riesgo et al., 2015; Wang et al., 2012). These enzymes reg-
ulate polymerization through their surface hydroxyl groups
and exhibit species-specific variants that influence spicule
morphology (Shimizu et al., 2015). Sponges also produce sil-
icase, an enzyme that hydrolyzes silica under specific phys-
iological conditions, potentially regulating silica solubility
and remodeling during spicule growth (Ehrlich et al., 2010).
Recent findings have identified additional proteins involved
in silica polymerization, including silicatein-interacting pro-
teins that modulate polymerization efficiency and structural
integrity (Shimizu et al., 2024). Furthermore, collagen-like
and lectin-like proteins may play auxiliary roles in silica de-
position by modulating silica-protein interactions (Shimizu
et al., 2024; Wang et al., 2012).

These biomineralization mechanisms evolved indepen-
dently across the three classes of siliceous sponges. De-
mosponges rely on silicateins for silica deposition, whereas
hexactinellid sponges lack silicateins and instead use hex-
axilin for intracellular polymerization, along with glassin
and perisilin for extracellular silica deposition that thick-
ens spicules (Shimizu et al., 2015, 2024). Homoscleromorph
sponges also display unique silica polymerization mecha-
nisms, though the enzymes involved remain unidentified.
The presence of unrelated enzymes in the Class Demo-
spongiae and Hexactinellida, along with the distinct mech-
anisms observed in Homoscleromorpha, suggests that silici-
fication has evolved multiple times independently in sponges
(Shimizu et al., 2024). This convergent evolution under-
scores the adaptive significance of silica biomineralization
in marine environments and highlights the diverse molecular
strategies underpinning sponge silicification.

In plants, it is increasingly accepted that some cell wall
polymers and proteins can initiate and control silicification
(Zexer et al., 2023). For instance, the deposits of silica in the
so-called silica cells found in many grass species are thought
to be controlled by a protein named Siliplant1 (Kumar et al.,
2020b; Zexer et al., 2023). These works have been pivotal
to further understanding plant silicification and its potential
links to other silicifying organisms (Kumar et al., 2020a).

2.3 Environmental and ecological influences on
silicification

While the regulated flow of silica ions is crucial for biomin-
eralization, it is not the only factor determining this pro-
cess. Biomineralization is influenced by a complex inter-
play of environmental and ecological conditions. Although
most studies have again focused on diatoms, similar mecha-
nisms likely occur in other silicifying organisms. Silica de-
position depends directly on dSi availability, with its limi-
tation resulting in reduced silicification (Brzezinski et al.,
1990; McNair et al., 2018; Shrestha et al., 2012). Lower
temperatures have also been associated with increased sili-
cification in diatoms (Durbin, 1977). Additionally, under re-
plete silica conditions, silicification tends to be inversely
correlated with growth rate, suggesting that other growth-
limiting factors, such as the availability of iron (Fe2+ /Fe3+)
and zinc (Zn2+), may indirectly regulate frustule forma-
tion (Flynn and Martin-Jézéquel, 2000; Martin-Jézéquel
et al., 2000). Light intensity further influences silicifica-
tion in a complex manner, with increased silicification ob-
served under both low (15 µmol photons m−2 s−1) and high
(300 µmol photons m−2 s−1) light conditions (Petrucciani et
al., 2023; Su et al., 2018; Xu et al., 2021). Other environ-
mental factors, such as salinity (Vrieling et al., 2007) and pH
(Hervé et al., 2012), can also modulate silicification, empha-
sizing the intricate interplay between environmental condi-
tions and biomineralization.

Beyond its biochemical and environmental determinants,
silicification plays a fundamental ecological role for silici-
fying organisms contributing to their overall fitness. In di-
atoms, frustules act as protection against predators due to
high mechanical strength (Hamm et al., 2003). More heavily
silicified diatoms are often rejected as food sources by cope-
pods (Ryderheim et al., 2022), and increased silicification
has been observed in response to predator presence (Petruc-
ciani et al., 2022a; Pondaven et al., 2007). This suggests that
the trophic chain can influence biomineralization processes
and affect Si bioavailability. Similarly, some sponge species
allocate more resources to skeleton formation as a defence
strategy against predation, thereby enhancing their chances
of survival (Ferguson and Davis, 2008; Rohde and Schupp,
2011). In terrestrial plants, silica deposition enhances re-
sistance to herbivory by making leaves more abrasive and
harder to digest (Hartley and DeGabriel, 2016; Massey et
al., 2006). However, studies on silica-based defences in sea-
grasses are currently lacking, and it remains unclear whether
these marine plants use similar strategies.

3 Diversity of marine silicifiers

Over the past decade, research has transformed our under-
standing of the marine Si cycle by revealing that multiple
groups of organisms contribute to silica dynamics, challeng-
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ing the long-standing paradigm that diatoms were the sole
important silicifiers. Historically, diatoms have been consid-
ered the primary drivers of bSi production and recycling in
the ocean (Nelson et al., 1995; Tréguer et al., 1995; Tréguer
and De La Rocha, 2013). However, recent studies have high-
lighted the significant role of other groups, such as Rhizaria
and sponges (e.g. Laget et al., 2024; Llopis Monferrer et
al., 2020; Maldonado et al., 2019). Additionally, many other
taxa have been identified as interacting with Si (Baines et al.,
2012; Churakova et al., 2023; Fig. 2), however, their contri-
butions to Si cycling have yet to be quantified on regional and
global scales. Beyond their contributions to Si cycling, the
ecophysiological functioning of these groups is often poorly
understood.

Understanding the taxonomic and functional diversity of
silicifiers is not only crucial for ecological and evolutionary
perspectives, but also provides essential inputs for functional
trait models that incorporate silicic acid cycling and silicify-
ing organisms (see also Box 3), thereby improving the pre-
dictive power of global biogeochemical models. For exam-
ple, Naidoo-Bagwell et al. (2024) recently demonstrated this
by extending the Earth system model cGEnIE with a diatom
functional group, therefore requiring dSi, which improved
the model’s ability to reproduce observed nutrient fields, ex-
port production, and global distributions of diatoms. This ex-
panding knowledge emphasizes the need to integrate multi-
ple biological contributors into the Si biogeochemical cycle
to better understand its functioning and enhance our ability
to predict the effects of climate change and anthropogenic
impacts (Tréguer et al., 2021).

The following paragraphs provide an overview of the main
groups of silicifiers, ordered by their average size ranges and
the current state of the art regarding their ecology and contri-
butions to Si and C cycling.

3.1 Picoplankton

Picoplankton is a broad size category encompassing all
planktonic or floating organisms measuring under 2 µm,
though this is often extended to 3 µm due to the filter
sizes used in field studies (Vaulot et al., 2008). The three
main groups of picoplankton include heterotrophic bacte-
ria, autotrophic bacteria (picocyanobacteria from the gen-
era Prochlorococcus and Synechococcus), and autotrophic
eukaryotes (picoeukaryotes). Picocyanobacteria and pi-
coeukaryotes are typically grouped together under the
moniker picophytoplankton. The discovery of large abun-
dances of heterotrophic bacteria in the oceans, larger than
previously estimated, first put these tiny unicellular organ-
isms on the map (Hobbie et al., 1977). Since then, picoplank-
ton have been discovered to be the base of the microbial food
web, and their significant contributions in terms of biomass
and productivity make them influential players in global bio-
geochemical cycling (Azam et al., 1983; Falkowski et al.,
2008; Le Quéré et al., 2005).

Picoplankton are distributed widely in oceanic and fresh-
water environments, often described as ubiquitous or cos-
mopolitan. However, different picoplankton groups fill dif-
ferent environmental niches. For example, Synechococ-
cus and picoeukaryotes prefer lower temperatures, while
Prochlorococcus thrives in higher temperatures and lower
latitudes (Buitenhuis et al., 2012; Flombaum et al., 2020;
Visintini et al., 2021). Prochlorococcus abundances are noto-
riously high in oligotrophic (low nutrient) areas of the ocean,
which can be explained by their competitive advantages (e.g.
extremely small size, high diversity; Biller et al., 2015).
Meanwhile, in nutrient-replete upwelling areas picoeukary-
ote growth is favoured (Li et al., 2023; Painting et al., 1993).
Additional environmental factors that can affect picoplank-
ton distribution patterns are light intensity and water mass
events, as well as biological factors; such as the presence of
predatory microplankton and viruses (Fuhrman, 1999; Otero-
Ferrer et al., 2018; Sieradzki et al., 2019). Models predict-
ing the impact of climate change on picoplankton suggest
a global increase in picophytoplankton abundances, particu-
larly in areas like the Arctic and Indian Oceans (Flombaum
et al., 2020). In contrast, heterotrophic bacterial biomass in
surface waters is expected to slightly decline, though this
decrease is minor compared to the predicted reductions in
microplankton and larger organisms (Heneghan et al., 2024;
Kim et al., 2023). Overall, these findings indicate that future
oceans will be increasingly dominated by picoplankton.

Picoplankton generally lack structural cellular compo-
nents made of Si. However, some exceptions exist, such as
Triparma laevis from the class Bolidophyceae, a close rel-
ative of diatoms that can measure less than 3 µm in size
(Booth and Marchant, 1987; Kuwata et al., 2018; Yamada
et al., 2014). Nevertheless, there is strong evidence that pi-
coplankton interact with dSi in their environments regardless
of whether or not they possess siliceous structures. Both ex-
tracellular and intracellular incorporation of dSi has been ob-
served in heterotrophic bacteria. In some species of the bac-
terium Bacillus, dSi uptake occurs during an early stationary
phase and is used for spore formation (Hirota et al., 2010).
Environments where dSi is saturated, particularly geothermal
hot springs, are sites of extracellular silica polymerization
in different bacterial species (Inagaki et al., 2003; Lalonde
et al., 2005; Phoenix et al., 2000). In the marine environ-
ment, Synechococcus cells from the Sargasso Sea were found
to harbour highly concentrated quantities of bSi (Baines et
al., 2012). BSi accumulation and/or dSi uptake has been
demonstrated by marine Synechococcus strains in both the
natural environment and in laboratory experiments (Aguilera
et al., 2025; Krause et al., 2017; Ohnemus et al., 2016).

The effect of dSi on picoplankton has generally been con-
sidered neutral, as Synechococcus growth rates do not change
when cultured in a wide range of dSi concentrations, though
a new study demonstrates that high silicic acid concentra-
tions can have negative effects on cell physiology (Ou et al.,
2025). BSi accumulation has also been demonstrated by cul-
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Figure 2. Total size range of silicifiers, from the smallest unicellular organisms (picoplankton) up to multicellular terrestrial plants.

tures of marine and brackish picoeukaryotes, including the
smallest known marine eukaryote Ostreococcus tauri (Chu-
rakova et al., 2023). Curiously, in freshwater, Synechococcus
bSi accumulation was not observed, suggesting that Syne-
chococcus strains in this environment lack the same mech-
anism for dSi uptake or do not utilize dSi in ways simi-
lar to marine or brackish Synechococcus (Aguilera et al.,
2025). A mechanistic explanation for Si uptake in these non-
silicifying organisms can partially be explained by the SIT-Ls
found in a limited number of bacterial and picocyanobacte-
rial genomes (see Sect. 2 and Marron et al., 2016). However,
in the majority of species and strains studied, the mechanisms
by which picoplankton uptake and utilize dSi need further
investigation and more relevant methodologies for studying
picoplankton need development.

3.2 Silicoflagellates

Silicoflagellates are marine planktonic organisms belong-
ing to the class Dictyochophyceae (Silva, 1982), order Dic-
tyochales (Haeckel, 1887), which are characterised by a
distinctive star-shaped silica skeleton (mostly 20–100 µm).
They are exclusively marine unicellular protists and mostly
considered photosynthetic, however, studies also show
mixotrophic behaviour or non-photosynthetic bacteriovory
(Eckford-Soper and Daugbjerg, 2016; Gerea et al., 2016;
Sekiguchi et al., 2002). They have chromatophores for pho-
tosynthesis, but also possess pseudopodia, a typical fea-
ture of zooplankton, further complicating their classification
(Sheath and Wehr, 2003).

Almost all of their protoplasm is located inside the skele-
ton, which is composed of hollow tubular elements joined at
triple junctions to create a tridimensional star-shaped struc-
ture constructed outside of the cytoplasm. They have a sin-
gle flagellum situated at the anterior end of the cell, which
extends outside the skeleton itself (Chang et al., 2017a). In
culture, they have occasionally been observed to shed their
skeletons, especially at high cell abundances, and continue
swimming either as flagellated cells or as unflagellated amoe-
boid cells. These cells can divide without cytokinesis and de-
velop into multinucleate organisms (Henriksen et al., 1993;

Van Valkenburg and Norris, 1970). This naked stage has
since been described in nature and has been found to occa-
sionally occur in significant blooms (Jochem and Babenerd,
1989; Moestrup and Thomsen, 1990). Reproduction occurs
through binary fission (Van Valkenburg and Norris, 1970). In
rare cases, the formation of double skeletons has been ob-
served with the two skeletons joined at the basal ring (Mc-
Cartney et al., 2014). Though other modes of reproduction
have not been observed, the possibility of a sexual reproduc-
tion phase – similar to that of other phytoplanktonic organ-
isms (e.g. diatoms) – cannot be ruled out. Silicoflagellate cell
physiology remains largely understudied (Sancetta, 1990),
partially due to challenges in maintaining them in culture.
Despite the first successful culture in 1970 (Van Valkenburg
and Norris, 1970), few cultures exist today, so individuals
must be isolated from field samples for physiological exper-
iments (Chang and Gall, 2016; Taguchi and Laws, 1985a).

Silicoflagellates first appeared in the Early Cretaceous
(115 million years ago; McCartney et al., 2014) and showed
great diversification throughout the Cenozoic (< 66 Ma)
(McCartney et al., 1995, 2018). Their distinct skeleton struc-
ture and morphology are the basis for taxonomic identifica-
tion (Malinverno, 2010) and due to their high abundance in
sediments, they are used in micropalaeontology as proxies
for palaeotemperature reconstructions (see Box 2 for further
details). In the modern ocean, silicoflagellates are thought
to be composed of four extant genera: Dictyocha (Ehren-
berg, 1837), Octactism (Schiller, 1925), Vicicitus (Chang
et al., 2012), and Stephanocha (Jordan and McCartney,
2015). However, as there is strong variability and plastic-
ity in the skeleton (Dumitrica, 2014; McCartney et al., 2014;
Van Valkenburg and Norris, 1970), in addition to the pres-
ence of the naked stage, this has led to considerable contro-
versy regarding the number of species and genera (Chang et
al., 2012, 2017a; Jordan and McCartney, 2015).

The abundances of different silicoflagellate species are in-
fluenced by variations in temperature and salinity, both in
cultures (Henriksen et al., 1993; Van Valkenburg and Nor-
ris, 1970) and natural environments (Hernández-Becerril and
Bravo-Sierra, 2001; Ignatiades, 1970; Rigual-Hernández et
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al., 2016; Sancetta, 1990). However, the responses of indi-
vidual species to these environmental factors are not always
consistent (Sancetta, 1990). Additionally, Malinverno et al.
(2010) demonstrated that the same species, Stephanocha
speculum, can present different varieties linked to their pre-
cise ecological niches, with some varieties (S. speculum var.
monospicata, var. bispicata, and var. speculum) being found
in open ocean conditions, while S. speculum var. coronata is
associated with sea ice cover.

Silicoflagellates are most abundant in nutrient-rich ar-
eas of the ocean at high latitudes (Henriksen et al., 1993;
Onodera et al., 2016; Takahashi et al., 2009) and in up-
welling systems (e.g. Hernández-Becerril and Bravo-Sierra,
2001; Murray and Schrader, 1983; Sancetta, 1990). Their
C uptake rates have been shown to be comparable to other
phototrophic phytoplankton (e.g. for Dictyocha perlaevis;
Taguchi and Laws, 1985b), though there are no studies
to date comparing different species of silicoflagellates or
changes in environmental conditions. Despite occasional
high abundances, they are mostly considered insignificant
contributors to primary production, planktic dynamics, and
export fluxes. For example, in the Arctic Ocean, while they
have been shown to contribute less than 1 % of the flux of
particulate organic C (Onodera et al., 2016), they are region-
ally important prey for different copepod and krill species
(Nakagawa et al., 2002; Passmore et al., 2006; Pasternak and
Schnack-Schiel, 2001) as well as gelatinous grazers (Hiebert
et al., 2025). Some species of silicoflagellates (e.g. Dicty-
ocha spp.) have additional ecological significance through
their role as harmful algae bloom (HAB) species with sig-
nificant ichthyotoxicity (Esenkulova et al., 2020; Henriksen
et al., 1993).

While the ecological relevance of silicoflagellates has been
recognised, their mechanisms of silicic acid uptake remain
unexplored, and their contribution to the Si and C cycles has
yet to be quantified. While some previous studies focused on
quantifying the regional contribution of silicoflagellates to Si
export (Takahashi, 1989), their role in global Si cycling is
entirely unconstrained (Tréguer et al., 2021).

3.3 Diatoms

Diatoms are a greatly diversified group of eukaryotic phy-
toplankton (Bacillariophyceae) belonging to the supergroup
Stramenopiles (Bowler et al., 2010). They were first ob-
served in 1703 (Round et al., 1990) and, since then,
have attracted scientific interest across multiple disciplines,
from taxonomists, oceanographers, geologists, engineers,
and chemists, establishing them as the by far best-studied
group of marine silicifiers. To date around 18 000 species
of diatoms have been described, while their total diversity
is estimated between 100 000 to 200 000 genera (Jeong and
Lee, 2024; Mann and Vanormelingen, 2013). These photoau-
totrophic unicellular microorganisms are ubiquitous and can
be found in all aquatic environments, including in sea ice,

soils, lichens, biofilms, and airborne; denoting their exten-
sive adaptive capabilities (Lohman, 1960).

Diatom taxonomy is based on frustule morphological traits
and categorizes the species in two groups based on cellu-
lar symmetry: centric diatoms, with a radial symmetry, and
pennate diatoms, with an elongated and bilateral symme-
try (Round et al., 1990). Diatoms are thought to be sec-
ondary endosymbionts (Gentil et al., 2017; Morozov and
Galachyants, 2019), meaning that their precursor was a eu-
karyote that phagocytized another eukaryote (which became
an organelle), resulting in chloroplasts surrounded by 4
membranes. The earliest known fossil record of diatoms is
still widely debated (Bryłka et al., 2023), but molecular clock
and sedimentary evidence suggest an origin near the Triassic-
Jurassic boundary (Nakov et al., 2018), when a greater avail-
ability of niches occurred. The gap in fossil records during
this period has been hypothesized to relate to non-silicified
or lightly silicified diatoms (Armbrust, 2009).

Diatoms are key primary producers in the oceans nowa-
days and their ability to adapt to different environmental
conditions allows them to outcompete other phytoplank-
tonic groups during blooms. They are highly efficient pri-
mary producers constituting 40 % of marine primary produc-
tion or 20 %–25 % of global Earth’s primary production, de-
spite representing only 1 % of Earth’s photosynthetic organic
biomass (Falkowski et al., 2004; Field et al., 1998). Their in-
tricate frustules, provide improve fitness compared to other
microorganisms (Martin-Jézéquel et al., 2000) including but
not limited to providing mechanical protection, allowing hy-
drodynamic control of particle diffusion and advection, or
increasing photosynthetic efficiency.

Nutrient uptake in diatoms is facilitated by their large
vacuoles, which store essential elements like nitrogen (N)
and Si. This storage capacity supports rapid growth during
favourable conditions, contributing to their ecological suc-
cess (Behrenfeld et al., 2021). Diatoms reproduce asexually
through mitotic division, which progressively reduces cell
size due to the constraints of their rigid silicious frustules.
During each division, the daughter cell inherits one parental
valve and forms a new, smaller valve within it, leading to a
gradual decrease in cell dimensions over successive gener-
ations (Jewson, 1997). When cells approach a critical min-
imum size threshold, sexual reproduction is triggered to re-
store maximal cell dimensions. This process involves the for-
mation of auxospores, specialized zygotic cells that expand
and produce the initial large vegetative cells for the next cycle
(Chepurnov et al., 2002). Auxospore formation is influenced
by environmental factors such as light, nutrient availabil-
ity, and cell density, as well as endogenous chemical signals
(Assmy et al., 2006; Mouget et al., 2009). The interplay be-
tween asexual size reduction and sexual size restoration en-
sures diatom populations maintain their ecological and evo-
lutionary success. This unique life cycle strategy contributes
to their adaptability and widespread distribution in aquatic
ecosystems.
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Nutrient limitation, particularly of Si, Fe, and N, is a key
driver of diatom growth and silica production. In oligotrophic
gyres, low dSi concentrations (0.9–3.0 µM) limit silica pro-
duction, despite rapid diatom growth rates. In nutrient-rich
zones, diatom blooms significantly enhance silica and C ex-
port, with Si:C ratios ranging from 0.09 to 0.15 depending
on species and environmental conditions (Brzezinski, 1985).
Their regionally high abundance and ubiquitous distribution
make them a key source of organic C for higher trophic
levels, including zooplankton and fish larvae. Moreover, di-
atoms are an important vector for C export (∼ 20 %–40 %;
Jin et al., 2006) due to their ability to form aggregates and
their dense frustule, which improves sinking. As they sink,
they rapidly transport organic matter to deeper ocean lay-
ers, and eventually are sequestered in sediments over geo-
logical time scales thanks to their siliceous frustules that en-
hance their preservation within the sedimentary records. Due
to the well-defined ecological niches occupied by individual
diatom species, their fossil assemblages serve as a reliable
proxy for reconstructing past environmental conditions and
tracking climate evolution (see Box 2 and e.g. Crosta et al.,
2021; Torricella et al., 2025).
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Box 2: Siliceous microfossils as markers of past and present oceanic conditions

Siliceous microfossils are widely used to reconstruct past environments, from deep geological times to the recent past. Among
these, radiolarians, diatoms, and dinoflagellate cysts are particularly valuable for biostratigraphic studies, especially in envi-
ronments where carbonate fossils are scarce or poorly preserved (Barron et al., 2014; Carvajal-Landinez et al., 2024; Iwai et
al., 2025). Siliceous microfossils also serve as proxies in palaeoclimatic reconstructions, providing insights into water masses
and environmental parameters such as sea ice cover, sea surface temperature (SST), and marine productivity (Torricella et al.,
2025).

Diatoms play a key role in palaeoceanographic and palaeoclimatic reconstructions, particularly at high latitudes, where
carbonate preservation is poor. Their distribution is controlled by surface water parameters including light availability, salinity,
nutrient levels, temperature, sea ice extent, and the concentration of dissolved silicic acid (Torricella et al., 2022). Benthic
diatoms are also influenced by substrate type and water depth, typically flourishing at around 100 meters where sunlight
still reaches the seafloor (Round et al., 1990). Because diatom species occupy well-defined ecological niches, their fossil
assemblages can be used to infer past oceanographic variability. However, only about 1 %–10 % of surface-dwelling diatoms
are preserved in sediments. Their preservation is affected by silica dissolution during settling and at the seafloor, as well
as by lateral transport, bioturbation, grazing, and diagenesis (e.g. Crosta and Koç, 2007; Ran et al., 2024). Despite these
challenges, diatom assemblages provide crucial information on past surface ocean and climate conditions across a range of
regions, including the Southern Ocean (e.g. Crosta et al., 2021), the Arctic (e.g. Oksman et al., 2019), and mid-latitudes (e.g.
Bárcena et al., 2001). Exceptionally well-preserved, laminated diatom oozes – particularly those found in Southern Ocean
coastal sites – enable high-resolution reconstructions of palaeoceanographic conditions (e.g. Alley et al., 2018; Leventer et al.,
2006; Roseby et al., 2022). Seasonally laminated, diatom-rich sequences allow for annual-scale investigations of productivity
and sedimentation processes (e.g. Leventer et al., 1993; Maddison et al., 2006; Pike and Kemp, 1997). In contrast, laminations
formed by giant diatoms are often associated with specific oceanographic settings such as frontal systems and nutrient trapping,
rather than seasonal cycles (Kemp et al., 2006). Stable isotope analyses have recently been applied to diatoms to strengthen
palaeoenvironmental interpretations. Commonly measured isotopes include C and N in diatom-bound organic matter, as well as
oxygen and Si in the siliceous frustules (Frings et al., 2024; Robinson et al., 2020; Swann et al., 2010). The oxygen isotope δ18O
provides information on ice volume, temperature, and regional oceanographic conditions (e.g. Hodell et al., 2001; Shemesh et
al., 2001), while δ30Si reflects the degree of dSi utilization by comparing uptake rates to ambient concentrations (Cardinal et
al., 2005; De La Rocha et al., 1998; Varela et al., 2004). In addition, δ15N and δ13C serve as proxies for past ocean productivity
(Crosta and Shemesh, 2002; Schneider-Mor et al., 2005).

Radiolarians, like diatoms, are widely employed in modern and palaeoceanographic studies due to their sensitivity to changes
in SST, thermocline depth, nutrient availability, and water mass distribution (Hernández-Almeida et al., 2017; Zhang et al.,
2015, 2018). Their siliceous skeletons are well preserved in sediments and form distinct assemblages that record past tem-
perature gradients, upwelling intensity, and ocean stratification (e.g. Civel-Mazens et al., 2024). Radiolarians can also serve
as valuable palaeoceanographic proxies in regions where other silicifiers, such as diatoms, are rare or poorly preserved, par-
ticularly in certain deep-sea or oligotrophic sedimentary environments. Several studies have used both diatom and radiolarian
assemblages to quantitatively estimate past sea temperature, salinity, and sea ice extent using transfer function techniques
(Chadwick et al., 2022; Civel-Mazens et al., 2023; Crosta and Koç, 2007). These functions are based on three key datasets:
(1) the modern species distributions in core-top sediments or water samples, (2) contemporary oceanographic parameters ob-
tained from in situ measurements, and (3) fossil assemblages from sediment cores. A major limitation of this approach is the
requirement for comprehensive coverage of all three datasets within the target study region.

Isotopic analyses can also be applied to radiolarians. The Si isotope δ30Si is used to reconstruct past dSi concentrations
(Doering et al., 2021), while δ18O serves as a tracer for water temperature. Robinson et al. (2015) tested δ15N measurements
on radiolarian tests, finding that it reflects the isotopic composition of their food sources. However, δ15N in radiolarians shows
significant offsets compared to other siliceous microfossils, emphasizing the need to isolate radiolarian fractions carefully from
other organisms. Abelmann et al. (2015) observed that δ18O and δ30Si from radiolarians and diatoms may not always align
with changes in assemblages, but still offer valuable insights into silica uptake by different groups and changes in surface and
subsurface water masses (down to ∼ 400 m).

Silicoflagellates, though less abundant and less studied than diatoms and radiolarians, are still useful in micropalaeontology
as proxies for palaeotemperature and palaeoceanographic reconstructions (e.g. McCartney et al., 2022; Rigual-Hernández
et al., 2016; Torricella et al., 2021). Sponges also contribute to siliceous microfossil records, with their spicules commonly
preserved in marine sediments. Although assigning isolated spicules to specific sponge taxa is often difficult and sponge-
derived material may be scarce in some environments such abyssal plains, they have been used to infer evolutionary, ecological,
and environmental conditions (e.g. De Freitas Oliveira et al., 2020; Sim-Smith et al., 2017). Koltun (1960) first emphasized their
utility in reconstructing salinity, temperature, and depth from sedimentary sequences. Sponge spicules now serve as valuable
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proxies for reconstructing a range of palaeoenvironmental conditions, including water flow regimes and velocities (Kuerten et
al., 2013), pH (Pisera and Sáez, 2003), light availability (Harrison, 1974), temperature (Gaino et al., 2012), currents (Molina-
Cruz, 1991), salinity (Cumming et al., 1993), and water depth (Łukowiak, 2016). Stable isotope analyses, particularly those
focusing on δ30Si, are increasingly used on sponge silica to investigate Si cycling in ancient oceans (Egan et al., 2012). Sutton
et al. (2013) demonstrated that δ30Si in sponge spicules offers a more accurate and integrated view of whole-ocean Si cycling
than surface-dominated diatom records alone.

In conclusion, siliceous microfossils offer a diverse and powerful set of tools for palaeoenvironmental and palaeoclimatic
reconstruction in a range of marine environments. Each group contributes unique ecological and geochemical information:
diatoms, silicoflagellates, and radiolarians are particularly valuable for deciphering past surface and subsurface oceanic con-
ditions, while sponge spicules provide complementary information on deeper water mass properties, benthic environments,
and the Si cycle. Recent advances in stable isotope geochemistry have further expanded the potential of these microfossils,
allowing for increasingly precise reconstructions of nutrient dynamics, temperature variations and Si utilisation.
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3.4 Siliceous Rhizaria

Rhizaria, a diverse “supergroup” of unicellular eukaryotes,
represents a fascinating and largely unexplored realm of bio-
diversity (Burki and Keeling, 2014). This supergroup is sub-
divided in three phyla: Endomyxa, Cercozoa, and Retaria. A
key unifying morphological feature within these phyla is the
production of very fine pseudopodia, often numerous, and
typically supported by microtubules called filopodia (Adl,
2024). The major taxa of siliceous Rhizaria are represented
by organisms belonging to the Cercozoa and Retaria phyla.
Among Cercozoans with skeletons, those belonging to the
Thecofilosaria, especially the Phaeodaria, possess skeletons
that take the form of spicules or bars, which vary in size
and shape. Although Phaeodaria were traditionally classified
as Radiolaria due to morphological similarities, molecular
phylogenetic analyses have demonstrated that they are not
closely related to Radiolaria and are instead affiliated with
the Cercozoa (Nikolaev et al., 2004). The phylum Retaria
includes organisms with skeletons of various compositions,
and is divided into Foraminifera and Radiolaria. The skele-
tons of Foraminifera are primarily made of calcium carbon-
ate, while Radiolaria exhibit skeletons of various nature, in-
cluding strontium sulfate (exclusive to the Acantharia class)
or opaline silica (found in the Polycystine and Sticholonche
classes).

Phaeodaria and Radiolaria, both characterized by an in-
tricate siliceous skeleton, exhibit a remarkable range of
lifestyles (solitary and colonial) and trophic diversity (het-
erotrophic or mixotrophic with photosynthetic symbionts).
They also present great morphological variability, with sizes
spanning from a few tens of micrometres to several millime-
tres, a gigantic size for protists. A key structural distinction
lies in their skeletons. While Radiolaria skeletons are com-
posed of robust, solid amorphous silica, Phaeodaria skeletons
are hollow (Takahashi, 1983). Among the Polycystine Radi-
olaria, Spumellaria and Nassellaria are the most extensively
studied groups, largely due to their robust skeletons and con-
tinuous fossil record dating back to the early Cambrian (De
Wever et al., 2001). Spumellaria are characterized by concen-
tric, generally spherical skeletons and were the first to appear
in the Cambrian period. In contrast, Nassellaria display bilat-
eral symmetry and possess conical skeletal structures with a
limited number of spicules, first emerging in the Early Tri-
assic (Anderson, 2001). Nassellaria are also known for their
ability to form colonies, such as those seen in Collodaria, or
large solitary skeletons, such as those of Orodaria (Naka-
mura et al., 2021).

Siliceous Rhizaria are widely distributed across the
world’s oceans, from tropical to polar regions, and are es-
pecially abundant in open-ocean environments. These pro-
tists are commonly found in the upper layers of the ocean,
where sunlight supports the photosynthetic symbionts hosted
by many Rhizaria species (Decelle et al., 2021). However,
they are also well represented in deeper zones, including

the mesopelagic (Biard and Ohman, 2020). Global assess-
ments indicate that Rhizaria play a substantial role in zoo-
plankton abundance, contributing up to 33 % (Biard et al.,
2016). More recent studies, also using advanced imaging
techniques to quantify large Rhizaria, indicate that they rep-
resent up to 1.7 % of mesozooplankton C biomass within the
upper 500 m of the water column (Laget et al., 2024). Inter-
estingly, Rhizaria biomass, particularly that of Phaeodaria,
is more than twice as high in the mesopelagic than in the
epipelagic layer (Laget et al., 2024). In marine ecosystems,
Rhizaria have also been shown to dominate the eukaryotic
community captured in sediment trap samples collected be-
low the euphotic zone, as revealed by metabarcoding analy-
ses (Gutierrez-Rodriguez et al., 2019; Preston et al., 2020).

The reproductive biology of Rhizaria remains poorly un-
derstood, primarily due to the challenges of maintaining most
species under laboratory conditions. Although various life
stages and lineage-specific cellular innovations have been
observed in natural environments, their functional roles, as
well as their physiological and ecological significance, re-
main largely uncharacterized (Rizos et al., 2024). Evidence
suggests that both sexual and asexual reproduction occur
across different Rhizaria lineages. Sexual reproduction in-
volves the production and release of haploid gametes, which
fuse to form a zygote with genetic material from both parent
organisms. Asexual reproduction occurs by cell division dur-
ing mitosis, resulting in two identical organisms. In colonial
forms, asexual growth may occur through fission of the cen-
tral capsules, contributing to colony expansion or fragmen-
tation into multiple new colonies. In several species, repro-
duction involves the release of numerous flagellated swarmer
cells that are considered to be gametes, produced via multi-
ple nuclear divisions within the parent cell. These swarmers
are released simultaneously and are presumed to fuse into zy-
gotes, although the exact mechanisms of gamete fusion and
early development remain poorly understood (Suzuki and
Not, 2015). While the early ontogenetic stages are still not
fully documented, the process of skeletal formation during
growth has been extensively studied in several species under
laboratory conditions (Anderson, 2001).

The widespread distribution of siliceous Rhizaria across
marine ecosystems underpins their ecological importance
in both food web dynamics and biogeochemical cycles. As
basal components of planktonic communities, they serve as
essential food sources and can act as vectors for energy
transfer to higher trophic levels. Many Rhizaria host photo-
synthetic symbionts, enhancing primary production in olig-
otrophic waters (e.g. Llopis Monferrer et al., 2025). For in-
stance, Collodaria are particularly abundant in nutrient-poor,
tropical epipelagic zones and contribute significantly to zoo-
plankton biomass (Faure et al., 2019). In deeper waters,
Rhizaria play an important role in transforming sinking parti-
cles and serve as a key source of organic C in the mesopelagic
zone (Laget et al., 2024; Lampitt et al., 2023). Their ecolog-
ical significance extends to the Si cycle, as many Rhizaria
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species take up silicic acid from seawater to build their in-
tricate skeleton (Llopis Monferrer et al., 2020) contributing
up to approximately 20 % of the bSi production in the global
ocean (Tréguer et al., 2021). Through both biological uptake
and export, Rhizaria facilitate the vertical transport of silica
and C to the deep ocean, reinforcing their role in long-term
elemental cycling (Biard et al., 2018; Stukel et al., 2018). The
opaline silica skeletons they produce also contribute to a rich
and continuous fossil record since the Cambrian, more than
500 million years ago (Box 2; De Wever et al., 2001).

3.5 Sponges

Sponges belong to the phylum Porifera, which comprises
approximately 9750 species classified into four distinct
classes: Demospongiae, Calcarea, Hexactinellida, and Ho-
moscleromorpha (Hooper and Van Soest, 2002; de Voogd et
al., 2025). The largest and most diverse class, Demospon-
giae, accounts for nearly 84 % of all known sponge species.
The remaining species are distributed among the classes
Calcarea (8 %), Hexactinellida (7 %), and Homoscleromor-
pha (1 %; Van Soest et al., 2012). Sponges have been part
of marine fauna since the late Precambrian (890–540 Ma)
and are among the earliest known multicellular organisms
on Earth (Wörheide et al., 2012). Since the Early Cam-
brian, many sponges have evolved siliceous skeletons, a
trait present in over 80 % of extant species (Neuweiler et
al., 2014). These sessile filter feeders inhabit a vast range
of marine habitats, from intertidal zones to the deep sea,
across all latitudes (Maldonado et al., 2017; Van Soest et al.,
2012). While some species have broad distributions, others
are highly specialized, restricted to specific substrates or en-
vironmental conditions such as deep-sea sponge reefs, coral-
associated habitats, or high-silica environments.

Due to their ubiquity and substantial biomass, sponges
are increasingly recognized as key functional components
of ocean ecosystems (Bell, 2008; Bell et al., 2023; Folkers
and Rombouts, 2020). Their complex body structures pro-
vide habitat for a diverse array of sessile and mobile or-
ganisms, making sponge-dominant communities biodiversity
hotspots (Beazley et al., 2013; Klitgaard, 1995). Addition-
ally, sponges contribute significantly to biogeochemical cy-
cling by filtering and recycling dissolved organic and inor-
ganic matter and nutrients, thereby influencing the fluxes of
essential elements such as C, N, P, and Si (Busch et al., 2022;
De Goeij et al., 2013; Maldonado et al., 2012).

Sponges reproduce both sexually and asexually. In sexual
reproduction, gametes are released into the water column for
external fertilization, although some species exhibit internal
fertilization (Maldonado and Riesgo, 2008). Asexual repro-
duction occurs through budding, fragmentation, or gemmule
formation, contributing to their resilience in dynamic envi-
ronments (Battershill and Bergquist, 1990). Sponges exhibit
a biphasic life cycle, alternating between a pelagic larval
stage and a sessile adult stage. Larvae are typically short-

lived, ranging from hours to a few days, and rely on passive
dispersal by ocean currents (Maldonado and Abdul Wahab,
2025). Upon settlement, larvae undergo metamorphosis into
juvenile sponges, attaching to a substrate where they develop
into mature, filter-feeding adults. Sponges generally live for
several years to decades, with some species known to survive
even for centuries (Leys and Lauzon, 1998; McGrath et al.,
2018; McMurray et al., 2008).

For decades, the role of sponges in Si cycling was consid-
ered negligible. However, recent research has demonstrated
their significant contribution at both regional and global
scales (López-Acosta et al., 2022; Maldonado et al., 2019,
2021). Siliceous sponges actively assimilate large amounts
of dSi, transforming it into bSi for skeletal formation. Upon
their death, this silica can either dissolve back into the wa-
ter column, sustaining other silicifiers, or be buried in sedi-
ments, influencing long-term silica sequestration. This pro-
cess is particularly relevant in deep-sea sponge grounds and
continental shelf ecosystems, where sponges are particularly
abundant and act as major reservoirs facilitating benthic-
pelagic coupling of the Si cycle (Tréguer et al., 2021). Fur-
thermore, sponge-mediated Si cycling interacts with other
major biogeochemical cycles such as those of C and N, as
sponge excretion and microbial symbionts further contribute
to matter and nutrient transformations (Busch et al., 2022;
Maldonado et al., 2012).

3.6 Plants

In the last two decades, an important number of functions
has been assigned to leaf silicification (Cooke and Leishman,
2016; Johnson et al., 2024; de Tombeur et al., 2023b), includ-
ing for wetland and aquatic plants (Schoelynck et al., 2012;
Schoelynck and Struyf, 2016). Interestingly, species that are
emergent (only basal stem parts in the water) and submerged
tend to accumulate more Si compared with species that
mostly have floating organs (Schoelynck and Struyf, 2016).
In emergent and submerged species, silicification could be
used to increase strength in order to overcome different phys-
ical stresses (gravity, horizontal force, etc.; Schoelynck and
Struyf, 2016). In floating species, on the contrary, silicifica-
tion is considered less important because they are less im-
pacted by hydrodynamics forces (Schoelynck and Struyf,
2016). Beyond the structural role of Si in wetland and aquatic
species, Si is also used for resisting herbivory. For instance,
the bSi concentration of different N. lutea individuals is neg-
atively correlated with the damages caused by Galerucella
nymphaeae (Schoelynck and Struyf, 2016). Whether silicifi-
cation is an adaptation or exaptation to grazing is, however,
still debated (de Tombeur et al., 2023b). While trait-based
approaches have recently advanced our understanding of sili-
cification strategies in plants, applying similar frameworks to
other marine silicifiers such as diatoms remains challenging
due to fundamental differences in morphology and silica uti-
lization patterns (see Box 3).
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Box 3: Trait-based approaches to understand the functions of silicification: are diatoms and plants the same?

Why do species or families invest more in silicification than others? Does silicification involve trade-offs with key ecolog-
ical strategies? What are the costs and benefits of silicification? In land plants, integrating Si concentrations in trait-based
approaches has recently proved useful to answer those fundamental questions about Si utilization (de Tombeur et al., 2023b).
The question arises as to whether the same approaches could be used in marine silicifiers such as diatoms. In plants, measuring
organ-scale Si concentration is relatively easy and offers a reasonable proxy for the degree of silicification, which can then be
linked to other functional traits (de Tombeur et al., 2023a, 2025). In diatoms, we hypothesize that it is probably more the shape
of silica-based skeletons that is linked to specific functions and associated trade-offs, and less the bulk diatom Si concentra-
tions per se. As such, using only diatom Si concentrations, as done in plants, may not be sufficient to infer specific functions
associated with silicification given the large diversity of silicification patterns. Instead, diatom shapes should be involved in
current trait-based frameworks. Beyond silicification, current trait-based approaches in diatoms mostly rely on metabolic traits
(e.g. nutrient uptake rates; Ács et al., 2019; Litchman, 2022), and less on morphological and chemical traits that are reasonably
easy to measure, as it the case in plants (e.g. leaf thickness, leaf area, leaf N concentration). This major difference explains
why trait-based approaches to better understand the role and evolution of silicification will probably not follow the same paths
for diatoms and plants. Maintaining a constant dialog between trait-based ecologists working on both types of silicifiers is,
however, essential.
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In coastal systems, seagrass meadows provide vital eco-
logical services, including nutrient cycling and climate regu-
lation, and may influence Si dynamics in estuarine and ma-
rine environments. Despite their ecological importance and
proximity to riverine Si inputs, the role of seagrasses in the
Si cycle remains understudied. While the elemental com-
position of seagrass leaves has been widely analysed for
macronutrients like N and phosphorus, only a few studies
have quantified Si concentration in seagrass (see Herman et
al., 1996; Roth et al., 2025; Vonk et al., 2018), leaving an im-
portant gap in understanding their role in biogeochemical Si
cycling. The mechanisms of Si accumulation in seagrasses
are not yet fully understood, but recent research in Zostera
marina has identified phytoliths in its roots, stems, and leaves
(Rong et al., 2024) and suggests a functional dSi uptake path-
way involving the Slp1 protein and vesicular transport (Ku-
mar et al., 2020b; Nawaz et al., 2020). By measuring bSi in
four families of seagrass species, Vonk et al. (2018) showed
that Z. marina tends to accumulate more silica than other
seagrasses, though still less than freshwater vegetation. This
species displays a relatively low bSi content but may still
play a significant role in coastal Si cycling, especially since
some of its Si resists dissolution and could buffer the trans-
port of dSi to the ocean (Roth et al., 2025).

4 Impact of living organisms on marine silicon cycling

Understanding the diversity, biology, and ecological roles
of silicifying organisms is essential to contextualize their
broader influence on Earth system processes. In the following
section, we examine how the biogeochemical cycle of Si has
evolved from abiotic to biologically mediated control, high-
lighting the role of silicifying taxa in transforming Si fluxes,
sedimentation patterns, and ocean chemistry across Earth’s
history and into the modern era.

4.1 Evolution of the silicon cycle across geologic time

Researchers began trying to better understand the evolution
of the oceanic Si cycle just over three and a half decades
ago (Maliva et al., 1989; Siever, 1991, 1992), with consid-
erable effort since then focused on standing stocks and how
the current cycle evolved (Conley et al., 2017; Trower et al.,
2021). The modern oceanic Si cycle is relatively well stud-
ied (Tréguer et al., 2021), with Si mainly occurring in the
marine environment in the form of dSi. The amount of dSi
available in the ocean is a balance between inputs (e.g. rivers,
aeolian, submarine groundwater, glaciers, and hydrothermal
activity), biological circulation via silicifiers (e.g. diatoms,
sponges, and Rhizaria), and removal (e.g. burial, biogenic
uptake, and secondary formation; see Fig. 3). Overall, mod-
ern oceanic dSi concentrations are low, averaging less than
10 µM at the surface and around 70 µM in the deep ocean
(Gouretski and Koltermann, 2004; Tréguer et al., 1995), pri-

marily regulated by biological activity, but this has not al-
ways been the case. In the absence of silicifiers, the oceans
must have had higher dSi concentrations in the Precambrian
compared to the Phanerozoic (Maliva et al., 2005). Under-
standing the evolution of silicifiers is therefore crucial to un-
derstanding the geologic history of the oceanic Si cycle.

The Precambrian era (> 540 Ma) covers most of the
Earth’s history with little to no complex life forms in the
oceans and is characterized by its widespread abiotic silica-
rich chert formations. Precambrian cherts are chemically
precipitated sedimentary rocks that formed in peritidal and
shallow shelf environments mainly during the Proterozoic
(2500–540 Ma) (Perry and Lefticariu, 2007). Due to conti-
nental weathering, volcanism, and hydrothermal activity, the
oceans were saturated with respect to dSi, and the Si cycle
was mainly controlled by the solubility of mineral phases
precipitating out of the seawater (Siever, 1991, 1992). For
this reason, there is one main difference between the Pre-
cambrian and the Phanerozoic (< 540 Ma): bSi precipitation.
Silicifiers had not yet fully evolved in an abundance to effi-
ciently remove dSi from the oceans and influence the Si cycle
as they do today. Pinpointing the exact evolutionary time-
line of dSi utilizing organisms is tricky, as fossil evidence
for early biogenic silicification is viewed as controversial
(Chang et al., 2017b; Porter and Knoll, 2000; Sperling et al.,
2010). There are some Neoproterozoic (1000–540 Ma) pro-
tists which had scales that were probably siliceous (Morais
et al., 2017), and Ediacaran (635–540 Ma) sponges with
siliceous spicules (Chang et al., 2019; Chen et al., 2023),
but the full extent of their influence on the Si cycle is still
unknown.

The appearance of biogenic tools used during silicifica-
tion challenges the idea that dSi in the Precambrian oceans
was only controlled by inorganic reactions, and suggests that
oceanic dSi could have been influenced by biology before
the Phanerozoic began. The Precambrian Si cycle may there-
fore not only be abiotically controlled by inorganic reactions,
volcanism, hydrothermal activity, and reverse weathering
(Isson and Planavsky, 2018; Jurkowska and Świerczewska-
Gładysz, 2024; Maliva et al., 1989, 2005), but potentially
by the appearance of organisms capable of using Si (Con-
ley et al., 2017; Marron et al., 2016). While the exact time-
line and quantity is widely debated in the literature (e.g.
Conley et al., 2017; Grenne and Slack, 2003; Maliva et al.,
2005; Trower et al., 2021), following the Precambrian, a de-
crease in oceanic dSi concentrations (∼ 500–1000 µM) oc-
curred with the widespread evolution of large-scale skele-
tal marine silicification and the appearance and radiation of
siliceous sponges.

The expansion of silica biomineralization via sponges
at the beginning of the Paleozoic (540–420 Ma) (Chang et
al., 2019) lowered dSi concentrations below saturation and
changed the oceanic Si cycle to a biologically dominated
system, which we continue to see today (Tréguer et al.,
2021; Trower et al., 2021). Fossil evidence confirms this
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Figure 3. Schematic representation of the Si cycle in the modern global ocean, illustrating key processes occurring at the interface between
the ocean and other environments (e.g. sediments, land, ice). Particular attention is given to the transformations and transfers of Si in both
dissolved (dSi; green boxes) and particulate forms (e.g. biogenic silica, bSi – yellow boxes – and amorphous silica, aSi – blue boxes) as it
moves between the surface and deep ocean. Details are given in Sect. 4.3 and quantification of the fluxes are presented in Table 1.

biological switch as it was observed that, as sponge pop-
ulations began to increase, the thick layers of shallow abi-
otic silica-rich chert became less common and were replaced
by deep ocean patchy hydrothermally influenced biogenic
chert formations (Chang et al., 2019). Just after the appear-
ance of sponges, a siliceous zooplankton group, Radiolaria,
emerged and quickly expanded worldwide during the Or-
dovician (485 Ma) (Fortey and Holdsworth, 1971; Kidder
and Tomescu, 2016), resulting in an additional parallel drop
in oceanic dSi concentrations. From there, sponges and radi-
olarians regulated dSi in the oceans for several million years
via biomineralization and the uptake and burial of bSi.

The Mesozoic Era (250–145 Ma) saw a massive change
in the oceanic ecosystem, with a significant decrease in dSi
concentrations. It is believed that the Mesozoic Si cycle was
closer to modern day values due to the radiation of diatoms
(Harper and Knoll, 1975; Maliva et al., 1989; Siever, 1991).
The exact timeline of this major dSi drawdown is largely
questioned (Conley et al., 2017; Trower et al., 2021; Yager
et al., 2025), as the evolution and worldwide radiation of di-
atoms is still widely debated (Bryłka et al., 2023). Molecular
clocks suggest that diatoms originated 200 million years ago
near the Triassic-Jurassic boundary (Nakov et al., 2018), but

the first widespread fossil deposits were found in the Lower
Cretaceous (121 Ma) (Bryłka et al., 2024), causing uncer-
tainty in when their abundance took control of the global
oceanic Si cycle.

While the major players remain the same, the current
oceans differ from those of the Mesozoic in many aspects
including sea level, tectonic seafloor spreading and a lack of
epicontinental seas. Our present-day marine Si cycle, as pre-
sented in the next section, is likely the result of not only bi-
ological evolution but also tectonic and palaeoenvironmental
conditions established in the Eocene (33.9 Ma), with low dSi
concentrations and biological control of uptake, circulation
and burial (Jurkowska and Świerczewska-Gładysz, 2024).

4.2 The modern ocean Si cycle and its fluxes

4.2.1 Biogenic silica production of different silicifiers

Silicic acid levels in modern oceans are largely regulated
by diatoms (Krause et al., 2011; Kristiansen et al., 2000;
Ng et al., 2024). Direct measurements of bSi production
by diatoms have often relied on radioisotope tracer meth-
ods using 32Si, which allow precise quantification of Si up-
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take and bSi production rates in natural assemblages. In the
modern ocean, pelagic diatoms consume Si more efficiently
and produce bSi at a rate of 255± 52 Tmol-Si yr−1 (Tréguer
et al., 2021), which is higher than the annual production
rate of picocyanobacteria (< 20 Tmol-Si yr−1; Brzezinski
et al., 2017; Krause et al., 2017), rhizarians (2–58 Tmol-
Si yr−1; Llopis Monferrer et al., 2020), siliceous sponges
(6.2± 5.9 Tmol-Si yr−1; Tréguer et al., 2021), benthic di-
atoms (6.1± 0.7 Tmol-Si yr−1; Tréguer et al., 2021), and
macroalgae (0.27–1.33 Tmol-Si yr−1; Yacano et al., 2021).
As the bSi production of non-diatom silicifiers is minor and
falls within margin of error for pelagic diatom production,
Tréguer et al. (2021) set the preferred estimate for global
pelagic bSi production at 255± 52 Tmol-Si yr−1.

Although pelagic diatoms are the primary producers of bSi
in the global ocean, the contributions of other silicifiers to the
marine bSi production are also important at both regional and
global scales when considering their role in the marine food
web and the export of C to depth via the biological Si pump.
For instance, the accumulation of Si by picocyanobacteria
accounts for around 10 % of the bSi produced in the mid-
latitude ocean gyres and oligotrophic oceans (Baines et al.,
2012; Krause et al., 2017; Wei et al., 2023). A recent es-
timate based on the Si : C ratio and picocyanobacteria cell
abundances found that Si accumulation by picocyanobacte-
ria may account for 12 % of the global Si inventory and 45 %
of the global annual bSi production (Wei et al., 2023). How-
ever, it should be noted that Wei et al. (2023) applied the
Si : C ratio of Synechococcus to Prochlorococcus (the most
abundant species) in nutrient-depleted waters, where compe-
tition for dSi by diatoms is undermined, to the global ocean,
which likely overestimates the role of picocyanobacteria in
the marine Si cycle.

Benthic diatoms are another important group of silici-
fiers living in the coastal photic zone (Cahoon, 1999). The
first estimate of global benthic diatom production was cal-
culated based on: (1) a normalised production rate of ben-
thic diatoms (1 mol-Si m−2 yr−1 applied to the global coastal
photic zone, yielding 6.8 Tmol-Si yr−1) and (2) global ben-
thic microalgal primary production and the Si : C ratio of
the diatom cells (i.e. (0.13 mol-Si mol-C−1

× 514× 1012 g-
C yr−1) / 12 g-C mol−1

= 5.4 Tmol-Si yr−1; see Tréguer et
al., 2021).

Due to their long lifespans and low dissolution rate,
siliceous sponges store a considerable amount of Si within
their skeletons (Chu et al., 2011; López-Acosta et al., 2022;
Maldonado et al., 2019). However, the quantification of the
sponge bSi production on the global scale remains highly
uncertain (DeMaster, 2019; Tréguer et al., 2021) because of
the large variations in Si consumption among sponge species
at different growth stages and in different regions (López-
Acosta et al., 2016; López-Acosta et al., 2018; Maldonado
et al., 2011), and the poorly constrained standing crop of
siliceous sponges on the seafloor. Thus, Tréguer et al. (2021)
estimated the sponge bSi production by assuming the depo-

sition rate of sponge bSi was equal to the sponge produc-
tion rate, a method that does not require information on the
sponge standing crop.

Marine macroalgae and seagrasses also contain Si, and
may contribute significantly to bSi production in the global
neritic zone. By analysing the Si content of various macroal-
gae genera, Yacano et al. (2021) found large variability in the
Si content (ranging from 0.13 % to 39.4 % by dry weight).
By scaling the global net primary production of macroal-
gae (80–210 Tmol-C yr−1; see Raven, 2018) by the mean
C : Si ratio of macroalgae (295.6) and the median C : Si ra-
tio of macroalgae (157.4), Yacano et al. (2021) estimated
the global macroalgae bSi production to be 0.27–1.33 Tmol-
Si yr−1. This is similar in magnitude to the global bSi pro-
duction of sponges and benthic diatoms.

The area of seagrasses in the global ocean was estimated
using field survey data (160 387–266 562 km2; McKenzie et
al., 2020) and modelling results (917 169 km2; Gouvêa et
al., 2024), yielding large variations in the estimated seagrass
meadow area. Based on the previously reported global sea-
grass shoot production rate (0.34 g DW m−2 d−1; Strydom et
al., 2023), the Si content of seagrass leaves (0.082 % DW;
Vonk et al., 2018), and the Si reservoir in seagrass mead-
ows (0.18 g-Si m−2; Roth et al., 2025) of the North At-
lantic, a conservative estimation of the annual global seagrass
bSi production would range from 0.58–3.33× 10−3 Tmol-
Si yr−1 and the resulting seagrass bSi reservoir would range
from 0.33–1.86× 10−3 Tmol-Si. This represents a lower
limit of the global seagrass bSi production due to the low
seagrass Si content (Vonk et al., 2018) used in the calculation
and the low production rate in the North Atlantic compared
to other regions such as the temperate North Pacific and the
temperate Southern Hemisphere (Strydom et al., 2023). Fur-
ther research is necessary to understand the bSi production
of these silicifiers at different seasonal and regional scales.

4.2.2 Fluxes and budget of Si in the modern ocean

Silicon, which is ultimately derived from the weathering of
the Earth’s crust, is transported to the ocean via various path-
ways (Fig. 3 and Table 1). It is then removed from the ocean
through the burial of bSi (Tréguer et al., 2021) and the for-
mation of authigenic clays (Aller and Wehrmann, 2025; Rah-
man et al., 2017). Accurately quantifying the different fluxes
of the marine Si budget is important for understanding how
it evolves in response to global warming, ocean acidification,
and anthropogenic impacts (e.g. river damming and changes
in land use).

The first Si budget was evaluated by Calvert (1968) and
considered river and seafloor basalt weathering to be major
marine Si sources. The burial of bSi on the seafloor was iden-
tified as the only ocean Si sink (Table 1). However, further
research has identified several additional significant sources
of Si, including hydrothermal activity (DeMaster, 1981), ae-
olian input (Tréguer et al., 1995), submarine groundwater
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discharge (Tréguer and De La Rocha, 2013), glacial melt-
water in the polar regions (Tréguer et al., 2021), and the re-
lease of Si from sandy beaches (Aparicio et al., 2025). Sev-
eral important sinks were also identified, including siliceous
sponges (Maldonado et al., 2019; Tréguer and De La Rocha,
2013) and authigenic clay formation (Michalopoulos and
Aller, 1995; Tréguer et al., 2021; Tréguer and De La Rocha,
2013) (see Table 1 and Sect. 4.3.3).

Based on the evaluations of marine Si sources and sinks,
the modern marine Si cycle was long considered to be in a
steady state, with an equal input and output flux of Si (see
Table 1 and references therein). However, recent studies sug-
gest that the dissolution of Si from sandy beaches in the
intertidal surf zones contributes a significant flux of dSi to
the ocean (Aparicio et al., 2025; Fabre et al., 2019). This
leads to an imbalanced global ocean Si budget (Si input flux:
21.3 Tmol-Si yr−1, Si output flux: 15.6 Tmol-Si yr−1; see Ta-
ble 1). However, Tréguer et al. (2021) found that Fabre et
al. (2019) overvalued the dSi from sandy beaches due to the
complex composition of world ocean beaches, variable sand
and seawater mixing conditions at both spatial and tempo-
ral scales, and the likely overestimation of coastal water dSi
concentration (85.4 µmol L−1). Furthermore, Si efflux from
sandy beaches was included in the submarine groundwater
discharge by Cho et al. (2018). Thus, the potential double
counting of the coastal zone’s Si input flux may lead to an
overestimation of the world ocean’s Si sources.

Due to the identification of new pathways and processes,
as well as important bSi sinks (e.g. siliceous sponges), the
estimation of Si input and output fluxes has doubled since
the study by Calvert (1968) (Table 1). This has resulted in a
shorter residence time of Si in the ocean, from 15 000 years
to approximately 7000 years. Ultimately, more accurate esti-
mates of the biotic and abiotic fluxes and processes that drive
the global Si cycle are needed to assess whether it is in a
steady state or if the ocean is becoming more enriched or
gradually depleted of dSi. However, this task is challenging,
given the complexity of the large number of interconnected
processes, coupled with both natural variability and anthro-
pogenic perturbation.

4.3 Interfaces in the oceanic silicon cycle: processes,
pathways, and perturbations

Beyond the open ocean, the global Si cycle is shaped by dy-
namic exchange zones – interfaces where land, sediments,
and ice meet the sea. These interfaces host complex phys-
ical, chemical, and biological processes that modulate the
pathways and reactivity of Si entering or leaving the ocean.
Exploring these often-overlooked boundaries reveals critical
controls on Si availability and ecosystem function and is es-
sential to constrain the spatial heterogeneity and long-term
evolution of the marine Si cycle.
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4.3.1 Land–ocean interface: biogeochemical filters and
emerging pathways in the silicon cycle

The land-ocean interface plays a critical role in the global
Si cycle, serving as a dynamic transition zone where ter-
restrial inputs, biological transformations, and sedimentary
processes interact to modulate Si fluxes to the coastal and
open ocean. Rivers, the primary source of Si to the ocean,
transport Si derived from continental weathering, with an
increasing number of studies using germanium (Ge)/Si ra-
tios, and Si and Ge isotopes to understand Si cycling during
weathering and Critical Zone processes on land (Baronas et
al., 2018; Fernandez et al., 2022; Frings et al., 2016, 2021).
Recent studies have identified a number of previously over-
looked Si sources, including submarine groundwater (Cho et
al., 2018; Rahman et al., 2019; Santos et al., 2021; Zhu et
al., 2025), salt marshes (Williams et al., 2022), and sandy
beaches (Aparicio et al., 2025). These new sources challenge
the view that land-ocean inputs are dominated by silicifier-
modulated riverine fluxes, suggesting that physical processes
may play a larger role than previously assumed. The effect
of submarine groundwater discharge and beach sand dissolu-
tion on the productivity of silicifiers is yet to be investigated.

Silicifying organisms exert substantial control over Si re-
tention, recycling, and export from land. For example, di-
atoms play a key role in Si cycling in large estuaries, making
them effective Si filters that sequester a significant fraction of
terrestrial Si before it reaches the ocean (Baronas et al., 2016;
Chong et al., 2014; Zhang et al., 2020a). Similarly, plant Si
accumulation exerts a major control on the terrestrial Si cycle
(Alexandre et al., 1997; de Tombeur et al., 2020), with proba-
ble consequences for the land-to-ocean transfer of dSi (Con-
ley, 2002; Conley and Carey, 2015). In fact, the annual soil-
plant systems recycle much more Si (global annual Si uptake
by vegetation ranges from 60 to 200 Tmol Si yr−1; Conley,
2002) compared to what is transferred from land to oceans
through rivers (Table 1). Ge and Si isotope mass balances
also indicate 12 %–54 % of all Si released during terrestrial
weathering is taken up by terrestrial vegetation (Baronas et
al., 2018; Frings et al., 2021). Such phenomena are often re-
ferred to as the “terrestrial ecosystem silica filter” (Struyf and
Conley, 2012). In addition to retaining and enhancing the for-
mation of secondary weathering products on land (Baronas et
al., 2020; Cornelis and Delvaux, 2016), plants also increase
silicate weathering rates through a wide range of processes
(i.e. bio-weathering; Wild et al., 2022). In contrast to the nu-
merous studies on marine and terrestrial silicifiers, there have
been relatively few studies of lacustrine Si cycle, with most
studies focusing on bSi oxygen isotope analyses or palaeo-
productivity reconstructions (Frings et al., 2024; Meister et
al., 2024). As a result, the impact of freshwater bSi cycling
on the land-to-ocean Si flux is relatively unconstrained.

Anthropogenic activities, including land use change, eu-
trophication, and damming, are reshaping Si fluxes at the
land-ocean interface, with implications for diatom produc-

tivity and coastal ecosystem health (Laruelle et al., 2009;
Maavara et al., 2014). New evidence continues to demon-
strate the effects of eutrophication and damming on Si trap-
ping in both river channels and reservoir systems (Ran
et al., 2022). Zhang et al. (2020b) showed that damming
and eutrophication have altered the Si isotopic signature in
the Baltic Sea due to shifts in diatom-driven Si utilization
and sedimentary Si regeneration. Additionally, research has
shown that coastal Si cycling is amplified by oyster aquacul-
ture, which drives rapid recycling of dSi to the water column
(Ray et al., 2021). Climate change also impacts Si dynamics
at the land-ocean interface. Palaeo-records from Chesapeake
Bay, the largest estuary in the US, indicate that estuarine Si
cycling is sensitive to changes in sedimentation rate over the
Holocene, influenced by both climatic shifts (e.g. sea level
rise, runoff changes) and human activities (e.g. deforestation)
(Nantke et al., 2019). Geilert et al. (2023) demonstrated how
climatic events such as coastal El Niño can accelerate ma-
rine silicate alteration, driving rapid authigenic clay forma-
tion that modifies Si availability in continental margin sedi-
ments. This underscores the sensitivity of coastal Si cycling
to episodic disturbances, which are becoming more frequent
due to climate change.

4.3.2 Benthic interface: silicon recycling and burial at
the seawater–sediment boundary

The flux and efficiency of bSi burial in marine sediments pri-
marily depends on (1) the bSi delivery rate to the sediment
(itself a function of productivity and pelagic recycling rates;
Van Cappellen et al., 2002); (2) the type of bSi (e.g. diatom,
Rhizaria, sponges, etc.) and its inherent solubility, surface
area, and dissolution rates (Aller and Wehrmann, 2025; Mal-
donado et al., 2019, 2022); (3) detrital sediment supply and
overall sediment accumulation (Loucaides et al., 2010; Presti
and Michalopoulos, 2008); and (4) diagenetic and redox con-
ditions in marine sediments (McManus et al., 1995; Van Cap-
pellen and Qiu, 1997; Zhu et al., 2024). Regarding the con-
tribution of different organisms to the benthic bSi burial flux,
the long-term general consensus of diatom dominance has
recently been challenged by a number of studies on other
silicifying organisms, notably rhizarians and sponges. Mal-
donado et al. (2019) have shown that, due to the high preser-
vation efficiency (45.2± 27.4 %), sponge spicules could con-
tribute a burial flux of 1.71± 1.61 Tmol-Si yr−1 globally,
more than an order of magnitude higher than previously esti-
mated. While dissolution rates can vary significantly between
different sponge types, bSi of the dominant demosponges
is orders of magnitude more resistant to dissolution com-
pared to diatom bSi under seafloor-like conditions, although
the cause is yet to be identified (Maldonado et al., 2022).
While rhizarians have a much lower preservation efficiency
of 6.8± 10.1 % (Maldonado et al., 2019), a recent study has
significantly revised their global productivity upwards to 2–
58 Tmol-Si yr−1 (Llopis Monferrer et al., 2020). Assuming a
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similar benthic export efficiency to diatoms (33 %), rhizarian
bSi could thus theoretically contribute 0.1–3.4 Tmol-Si yr−1

to the benthic bSi burial flux. The lower end of this range
is consistent with the 0.09± 0.05 Tmol-Si yr−1 estimated by
Maldonado et al. (2019), using direct observations of rhizar-
ian skeletons in marine sediments from across the global
ocean.

Once deposited, bSi undergoes (partial) dissolution, often
coupled with diagenetic alteration (see the recent review by
Aller and Wehrmann (2025) and Fig. 3). The latter includes
the direct alteration of bSi and/or the formation of authigenic
silicate (clay) phases, frequently as coatings and partial re-
placement of the initial bSi phases. Recent studies have at-
tempted to quantify the relative contribution of these differ-
ent processes by investigating the Si and Ge isotopic signa-
ture of both sediments and pore waters (Baronas et al., 2019;
Cassarino et al., 2020; Closset et al., 2022; Ward et al., 2022).
Indeed, unique isotopic fractionation during these processes
could lead to predictable shifts in the Si isotopic composi-
tion (δ30Si) of pore water values, helping decipher the com-
plex Si cycle in surface sediments (see Box 4). Most of the
studies targeted the Southern Ocean or upwelling areas that
are known to play a dominant role in the global marine Si cy-
cle, hosting abundant diatom populations and exporting large
quantities of bSi. For example, the Southern Ocean produces
∼ 30 % of global silica and acts as the largest sedimentary
sink of Si (∼ 2 Tmol-Si yr−1; Tréguer, 2014).
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Box 4: Silicon natural, stable isotopes as tracers of the marine silica cycle

In the natural environment, Si has three stable isotopes: 28Si, 29Si, and 30Si. The natural isotopic composition, referred to as
δ30Si when expressed as the 30Si / 28Si ratio relative to a reference standard, serves as a powerful tracer for elucidating the
marine Si cycle by recording key processes such as biological uptake, dSi utilization, and diagenetic alteration. In the surface
ocean, diatoms preferentially incorporate 28Si when building their opaline frustules, leaving the residual dSi enriched in 30Si
(De La Rocha et al., 1997; Sutton et al., 2013). This isotopic fractionation (usually noted 30ε or 130Si) offers a window into
dSi utilization: higher δ30Si values in diatoms signal regions where Si is strongly depleted and efficiently used (Grasse et al.,
2020). Consequently, measuring δ30Si in sedimentary diatom frustules allows to reconstruct past shifts in nutrient availability
and productivity, thereby shedding light on glacial-interglacial transitions and long-term variations in the Si cycle (e.g. De La
Rocha et al., 1998; Doering et al., 2016; Egan et al., 2012).

In addition to diatoms, other silicifiers, such as sponges and radiolarians, provide complementary insights into Si cycling
across various marine environments. Sponges, as benthic organisms, record Si isotope signatures from deeper water masses.
Studies have demonstrated that isotopic fractionation in sponge spicules correlates closely with ambient dSi concentrations,
and this relationship appears to be independent of factors like temperature, pH, salinity, or other nutrient levels (Hendry et al.,
2010; Hendry and Robinson, 2012; Wille et al., 2010). However, a recent study suggests that the relationship between isotopic
fractionation and dSi follows different trends in different sponge classes (Maldonado and Hendry, 2025). Radiolarians, on the
other hand, are siliceous protozooplankton that inhabit both surface and deep waters unveiling the potential to reconstruct past
dSi concentrations from different water depths (Fontorbe et al., 2016, 2017; Hendry et al., 2015). Current estimates of the
isotopic fractionation of radiolarians rely on comparing δ30Si values from radiolarians in surface sediments with those of the
surrounding water mass (Abelmann et al., 2015; Doering et al., 2021).

Figure 4. Schematics of the silicon (Si) cycle and isotope fractionation during various oceanic processes, using diatoms as a model for
the biogenic silica (bSi) component. The dissolved silica (dSi) pool is depicted by red dots, with its isotopic composition represented by
yellow squares. The bSi and detrital silicate pools are illustrated with representative symbols (diatoms, sediments, rocks), and their isotopic
composition are shown as orange squares.

Beyond these biological processes, δ30Si is also a powerful tool for tracing terrestrial inputs and sedimentary recycling.
Generally, silicate mineral weathering on land releases dSi with elevated δ30Si compared to primary silicate minerals, due to
the formation of isotopically light phases, such as secondary minerals in soils and biogenic phytoliths in vegetation (Baronas
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et al., 2018; Frings et al., 2021; Ziegler et al., 2005). Within marine sediments, the combined effects of bSi dissolution, silicate
mineral dissolution, and authigenic clay formation are also reflected in the isotopic composition of porewaters and the buried
silica pool (Closset et al., 2022; Ehlert et al., 2016; Geilert et al., 2020, 2023; Ng et al., 2022). Taken together, these processes
underscore the versatility of δ30Si as a geochemical tracer for both modern and ancient oceanic Si dynamics.

Various processes in the ocean affect isotopic fractionation throughout the Si cycle (Fig. 4). During the production of bSi,
such as in the case of diatoms in surface waters, organisms preferentially incorporate lighter Si isotopes, raising the isotopic
composition (high δ3+Si value) of the surrounding seawater. Simultaneously, the bSi itself becomes enriched in lighter Si iso-
topes (low δ30Si value; Fig. 4-1). At the end of the productive season, the bSi, characterized by its lower δ30Si value compared
to dSi, is exported to deeper oceanic layers (Fig. 4-2). In the deep ocean, bSi undergoes gradual dissolution, releasing its low
δ30Si signature back into the surrounding seawater. It remains uncertain whether this dissolution process actively fractionates
Si isotopes – specifically, whether the release preferentially favours lighter Si isotopes (as proposed by Demarest et al., 2009)
or not (as suggested by Wetzel et al., 2014). Nevertheless, the overall effect of this recycling process is the maintenance of a
low δ30Si signature in deep waters (Fig. 4-3). The light δ30Si imprint from the deep waters is subsequently transported back
to the surface through vertical mixing processes, particularly during winter periods or in upwelling regions, where it becomes
available for uptake by new primary producers (Fig. 4-4). Simultaneously, the bSi that does not undergo further recycling
within the water column settles and reaches the sediment (Fig. 4-5). Upon deposition in the sediment, bSi remains stored over
extended timescales, during which it continues to undergo dissolution, releasing its light isotopic composition into the pore or
interstitial waters (Fig. 4-6). These Si-rich pore waters with low δ3+Si value eventually diffuse back into the overlying bottom
waters, contributing to the Si pool in the deeper ocean layers (Fig. 4-7). Under certain conditions, the dSi in pore waters may
precipitate back into a mineral phase, forming authigenic clays. While the mechanisms underlying this process remain poorly
understood, evidence suggests that it may involve isotopic fractionation, preferentially incorporating the lighter Si isotope into
the newly formed clay minerals, thereby increasing the δ30Si of the dissolved phase (Fig. 4-8).
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The main output of these studies is that most settling bSi
dissolves within the upper few centimetres of the sediment
directly below the sediment-water interface, regulating pore
water dSi concentrations and deep ocean Si fluxes. For ex-
ample, in the Southern Ocean, diffusive Si fluxes from the
sediment show a zonal trend, peaking near the Polar Front
and correlating with sediment bSi content likely reflecting
diatom productivity in the overlying water column (Clos-
set et al., 2022). However, isotopic compositions of both
pore water and bSi preserved in the sediment indicate that
secondary processes such as the formation of authigenic
alumino-silicates from the dissolving bSi, dissolution of re-
active lithogenic silica, and adsorption onto particles can play
a significant role in both shallow and deep benthic marine en-
vironments (Frings et al., 2024; Luo et al., 2022; Ward et al.,
2022).

When authigenic silicate clay formation incorporates ma-
jor cations, it lowers the pH of surrounding pore waters and
therefore reduces seawater alkalinity, which is termed “re-
verse weathering” (Mackenzie and Garrels, 1966). It is im-
portant to recognize that not all authigenic mineral formation
results in reverse weathering, but only that which consumes
alkalinity and therefore drives an increase in atmosphere-
ocean pCO2 (Hong et al., 2025). While there is ample ev-
idence that clay authigenesis is a major sink of Si and some
trace elements (Baronas et al., 2019; Läuchli et al., 2025;
Rahman et al., 2017), only a few studies have directly evi-
denced the associated consumption of cations (Michalopou-
los and Aller, 1995, 2004; Wu et al., 2025). Nevertheless,
it has recently been proposed that reverse weathering has
played a crucial role in stabilizing marine pH and regulat-
ing climate over geological timescales (Isson and Planavsky,
2018).

Despite its importance, the formation of authigenic (newly
precipitated) clays is difficult to detect in sediments dom-
inated by detrital clays but it can occur relatively quickly
(less than one year; Michalopoulos et al., 2000). However,
a re-estimate of both forward and reverse weathering rates in
marine sediments has suggested that there is no net alkalinity
flux in marine sediments, and both processes must be tightly
coupled to enable each other (Wallmann et al., 2023). Fur-
thermore, forward and reverse silicate weathering exhibits
only a secondary role, and is strongly influenced by organic
matter degradation and carbonate mineral reactions in marine
sediments (Hong et al., 2025; Luo et al., 2025). Therefore,
the role that bSi diagenesis-enabled reverse weathering plays
in controlling Earth’s long-term C cycle balance is still open
for debate.

4.3.3 Cryospheric interface: the role of glacial and
sea-ice systems in silicon cycling

The cryosphere includes all of Earth’s frozen systems, both
on land and in the ocean. This encompasses snow, glaciers,
ice sheets, icebergs, sea ice, frozen rivers and lakes, per-

mafrost, and seasonal frozen grounds. While the role of each
of these systems on the Si cycle is not yet fully understood,
significant progress has been made in studying glaciers, ice
sheets, sea ice and permafrost (Alfredsson et al., 2015; Hat-
ton et al., 2019b; Hawkings et al., 2017; Pokrovsky et al.,
2013).

Glaciers and ice sheets cover up to 30 % of Earth’s
land during glacial cycles, releasing significant amounts of
freshwater and sediment impacting downstream ecosystems
(Hopwood et al., 2025; Tréguer, 2014). This discharge can
limit light penetration into the water column (Halbach et al.,
2019) but it also supplies essential nutrients to marine envi-
ronments, increasing primary production (Hawkings et al.,
2017). Recent studies highlighted the significant contribu-
tion of glaciers and ice sheets to the global Si cycle, sup-
plying both dSi and amorphous silica (aSi) to marine envi-
ronments (Hawkings et al., 2017; Meire et al., 2016; Tréguer
et al., 2021). These contributions rival other inputs such as
dust deposition, groundwater discharge and hydrothermal in-
put (Hawkings et al., 2017). The magnitude and reactivity of
glacial Si fluxes have a direct influence on the dissolution
rates and availability of bioavailable dSi, potentially enhanc-
ing primary production in coastal and shelf seas (Hatton et
al., 2023; Ng et al., 2024).

Pro-glacial rivers are characterized by a lighter isotopic
signature in both dSi and aSi, lower than the average of non-
glacial rivers, from 0.16 ‰ to 1.38 ‰ respectively for the
dissolved fraction (Hatton et al., 2019b) and lower than the
surrounding sediment and bedrock (Hawkings et al., 2018).
Under glacial conditions, enhanced chemical weathering –
driven by processes such as dissolution–reprecipitation and
the leaching of freshly abraded mineral surfaces – produces
highly reactive inorganic aSi. Long water residence times
and intense erosion further promote silicate dissolution, even
at low temperatures (Hatton et al., 2021). Additionally, sus-
pended fine particulate matter from intense erosion carries a
substantial fraction of dissolvable aSi (Baronas et al., 2021;
Hatton et al., 2019a; Hawkings et al., 2017). This highly sol-
uble aSi can represent up to 95 % of total potentially bioavail-
able silica dSi and aSi in areas receiving glacial meltwaters.
Up to 20 % of this aSi can dissolve rapidly after two weeks
in low-nutrient seawater (dSi< 1 µM) at 18 °C (Hawkings et
al., 2017; Hendry et al., 2025). An even less studied and po-
tentially highly bioavailable, colloidal-nanoparticulate size
Si seems to represent a significant fraction of total bioavail-
able Si, only present in pro-gracial rivers, which may be a
similar order of magnitude to the concentration of dSi and
aSi (Pryer et al., 2020). Dissolution, precipitation, sedimen-
tation, resuspension and uptake are key processes in glacial
estuary environments controlling the fate of glacial dSi and
aSi inputs to the coastal environment (Hendry et al., 2025).
In addition, complex, heterogeneous and still poorly under-
stood processes in pro-glacial environments and fjords lead
to lower dSi concentrations in interstitial fluids near glacial
outputs than in coastal shelf sediments, which may impact
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the dSi cycle in the water column and its offshore dynamics
(Hendry et al., 2025; Ng et al., 2020, 2022).

Sea ice consists of frozen seawater floating on the ocean’s
surface, and it can be formed seasonally or be perennial. Dur-
ing its formation, small pockets of brine are formed due to
salt expulsion (Eicken, 2003). As the expulsion of brine in-
creases the salinity of the mixing layer, it can enhance sea
water circulation (Wang and Danilov, 2022), therefore pro-
moting the upwelling of deep water and affecting the nutrient
supply to surface waters. Furthermore, sea ice supports di-
verse communities, including diatoms, inhabiting these brine
pockets, as well as the sea ice surface and attached under-
neath the sea ice (Arrigo, 2017). The recycling of bSi within
these habitats directly sustains the growth of such silicify-
ing organisms under extreme polar conditions. For exam-
ple, by focusing on the distribution of natural Si isotopes
within the Antarctic pack ice, Fripiat et al. (2014) found that
bSi dissolution contributes significantly to silica production,
with a dissolution-to-production ratio between 0.4 and 0.9.
This suggests that there is considerable regeneration of Si
within the brine network, which fuels new bSi production.
This study was crucial in filling a gap in the understanding
of sea ice Si cycling, a topic that is still poorly studied due to
the difficulty of measuring rates in such environments.

The role of permafrost in the polar regions and their in-
fluence on the Si cycle remains uncertain, particularly in the
context of a warming climate. Seasonal isotopic variations
observed in the Lena River (Russian Siberia) suggest that
Si sources shift throughout the year–clay minerals dominate
in winter, while summer brings increased dissolution of sili-
cate minerals and phytoliths from the upper active layer (Sun
et al., 2018). These findings imply that permafrost thawing,
driven by climate change, could significantly alter Si fluxes
and isotopic compositions in high-latitude rivers. However, a
study by Mavromatis et al. (2016) in the Yenisey River and
its tributaries found that mineral dissolution in the watershed
plays a crucial role in defining the riverine dissolved δ30Si,
regardless of permafrost coverage. Their findings highlight
the influence of suspended particles (e.g. clays), plant ma-
terial decomposition (both contributing lower δ30Si), and
groundwater discharge enriched in heavier isotopes due to
secondary silicate formation. These contrasting findings un-
derscore the complexity of Si cycling in regions covered
by permafrost where multiple processes occur, with poten-
tial downstream implications for the availability and isotopic
composition of silica supplied to silicifying organisms in
Arctic rivers and coastal zones. Further studies are essential
for predicting how ongoing climate change might reshape the
Si export to the ocean and how these signals can be inter-
preted in palaeorecords.

In a recent study, Opfergelt et al. (2024) investigated how
winter river ice formation in the Lena River affects the bio-
geochemical cycling of key nutrients like N and Si, and
their transport to the Arctic Ocean. During very cold periods,
frazil ice forms microzones that slow water flow and create

favourable conditions for microbial activity. These zones al-
low organic matter recycling and alter nutrient processing.
The formation of ice crystals leads to the precipitation of aSi,
which changes δ30Si and the Ge/Si ratio in the remaining
water. Through isotope mass balance, Opfergelt et al. (2024)
estimate that about 39 % of Lena River water passes through
this ice-induced filter during winter, leading to notable silica
loss and a shift in river biogeochemistry.

These cryosphere–Si interactions are particularly relevant
for silicifying organisms. For instance, the input of highly
soluble amorphous silica and colloidal-nanoparticulate Si
from glaciers and pro-glacial rivers provides an impor-
tant source of bioavailable silica that can stimulate diatom
blooms in coastal and shelf seas. Similarly, brine pockets in
sea ice sustain diverse diatom communities, where rapid re-
cycling of bSi supports continued growth under extreme con-
ditions. Changes in the magnitude, timing, and isotopic com-
position of these fluxes therefore have direct consequences
for the ecology and distribution of silicifiers, as well as for
the interpretation of palaeoceanographic records based on
their silica remains. For example, climate change is acceler-
ating the melting of glaciers, permafrost and sea ice, reduc-
ing ice-covered areas and increasing open-water regions, al-
tering habitats, species distributions, and nutrient dynamics.
The melting of sea ice, glaciers and ice sheets also releases
previously trapped trace metals and nutrients into seawater,
further influencing marine productivity and biogeochemical
cycles (Hopwood et al., 2020). Given their vast size and pro-
longed melting periods, ice sheets may have a more signifi-
cant global impact on Si input compared to smaller glaciers
with more seasonal contributions. While glacial retreat and
melting are expected to increase Si fluxes to the ocean, the
long-term effects remain uncertain, as they could reshape
marine ecosystems and biogeochemical cycles (Hatton et al.,
2019b; Pryer et al., 2020). Palaeorecords of δ30Si and Ge/Si
signatures in sedimentary bSi are emerging as a useful tool
to reconstruct and quantify the effects of glaciation on the Si
cycle and weathering (Hou et al., 2025). Understanding the
role of glaciers in the Si cycle – particularly how their con-
tributions interact with other sources and evolve under future
climate scenarios – remains a key area of research.

5 Perspectives and conclusions

Despite major advances in our understanding of silicification,
silicifiers’ diversity, and the global Si cycle, critical knowl-
edge gaps persist across taxonomic, physiological, ecologi-
cal, and geochemical dimensions. To move the field forward,
we outline key research priorities that we believe will be piv-
otal in developing a more integrated and predictive under-
standing of biosilicification and its role in the marine Si cy-
cle. Addressing these challenges will require integrative and
interdisciplinary research approaches that bridge molecu-
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lar biology, ecology, biogeochemistry, (palae)oceanography,
and Earth system science.

1. Expand taxonomic and functional knowledge across
silicifiers: Research remains heavily biased toward a
few model organisms such as diatoms and terrestrial
plants. Many other silicifying taxa, including Rhizaria,
silicoflagellates, sponges, macrophytes, and even some
prokaryotes, are understudied despite their potential
significant contributions to the Si cycle. Broader tax-
onomic coverage, including the development of new
model systems and comparative studies, will be essen-
tial to capture the evolutionary, functional, and ecolog-
ical diversity of silicification strategies across domains
of life.

2. Elucidate cellular mechanisms and physiological regu-
lation: Much remains to be understood about how or-
ganisms control Si uptake, intra- and intercellular trans-
port, polymerization, and efflux. For instance, the mech-
anisms of Si efflux, crucial for homeostasis in diatoms,
are poorly characterized in most groups. Investigating
the molecular basis of silicification – including gene ex-
pression, transporter function, and nanoscale silica as-
sembly – will benefit from the use of high-resolution
imaging, omics technologies, and experimental manip-
ulation under variable environmental conditions.

3. Integrate silicifiers into ecosystem and global models:
Current biogeochemical models often overlook key sili-
cifiers such as sponges and Rhizaria. Their omission
limits our ability to predict Si fluxes and understand how
Si cycling interacts with other elemental cycles like C
and N. Incorporating a broader range of silicifiers into
these models is essential, particularly under changing
climate regimes.

4. Clarify interactions between biotic and abiotic Si pro-
cesses: The interplay between biological silicification,
bSi dissolution, silicate weathering, and authigenic clay
formation remains insufficiently understood. This is es-
pecially true in transitional environments like estuaries
and coastal margins, where complex feedbacks occur.
Further research is needed to disentangle the contribu-
tions and temporal dynamics of biotic versus abiotic Si
pathways.

5. Assess environmental and climatic influences on silici-
fication and Si fluxes: While the environmental drivers
of silicification are well studied in diatoms, their effects
on other silicifiers are largely unknown. Additionally,
how climate-related stressors – such as warming, acidi-
fication, altered precipitation, and sea-level rise – affect
Si cycling and silicifiers distribution is not well con-
strained. These processes may reshape the ecological
roles of silicifiers and the fate of Si at critical interfaces
such as the land–ocean boundary.

6. Foster cross-disciplinary integration: Bridging disci-
plinary divides – between marine and terrestrial science,
biology and geochemistry – will enhance our under-
standing of the Si cycle. Cross-comparisons (e.g. be-
tween plant and algal silicification), training in diverse
analytical techniques, and collaboration across fields
will enable more holistic interpretations of both mod-
ern processes and palaeoenvironmental records.

Silicon plays a pivotal yet still underappreciated role in shap-
ing biological and geochemical processes across marine and
terrestrial systems. This review highlights the remarkable di-
versity of silicifying organisms and their crucial, but often
overlooked, roles in shaping the global marine Si cycle. From
unicellular diatoms to multicellular sponges, and from well-
studied phytoplankton to enigmatic protists and prokaryotes,
silicifiers contribute to a wide array of ecological functions
and influence biogeochemical feedbacks across spatial and
temporal scales. As research expands beyond classical mod-
els, a more nuanced and integrative picture of the Si cycle
is emerging – one that includes diverse silicifiers, complex
environmental feedbacks, and deep-time dynamics. Despite
significant progress over the last decade, major uncertainties
persist regarding the cellular machinery of silicification, the
environmental controls of Si fluxes and the integration of
silicifiers into predictive models. These gaps are especially
pressing in the context of global change, where shifts in cli-
mate and nutrient regimes are likely to affect the distribu-
tion, abundance and ecological function of silicifiers in ways
that are still poorly understood. Addressing these challenges
will require coordinated, cross-disciplinary efforts that link
biological, ecological and geochemical research. Leveraging
recent advances in molecular biology, high-resolution imag-
ing, in situ monitoring, and Earth system modelling will be
key to unravelling the complexity of Si cycling. Advancing
our understanding of biosilicification is not only essential for
reconstructing past marine environments but also for predict-
ing the future of ocean biogeochemistry in an era of rapid
planetary change.
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Tellgren-Roth, C., Śliwińska-Wilczewska, S., Conley, D. J., Far-
nelid, H., and Pinhassi, J.: The evaluation of biogenic silica in
brackish and freshwater strains reveals links between phylogeny
and silica accumulation in picocyanobacteria, Appl. Environ. Mi-
crobiol., 91, https://doi.org/10.1128/aem.02527-24, 2025.

Alexandre, A., Meunier, J.-D., Colin, F., and Koud, J.-M.: Plant im-
pact on the biogeochemical cycle of silicon and related weath-
ering processes, Geochim. Cosmochim. Acta, 61, 677–682,
https://doi.org/10.1016/s0016-7037(97)00001-x, 1997.

Alfredsson, H., Hugelius, G., Clymans, W., Stadmark, J., Kuhry,
P., and Conley, D. J.: Amorphous silica pools in per-
mafrost soils of the Central Canadian Arctic and the poten-
tial impact of climate change, Biogeochemistry, 124, 441–459,
https://doi.org/10.1007/s10533-015-0108-1, 2015.

Aller, R. C. and Wehrmann, L. M.: Sedimentary diagenesis, depo-
sitional environments, and benthic fluxes, in: Treatise on Geo-
chemistry, vol. 4, edited by: Anbar, A. and Weis, D., Elsevier,
573–629, https://doi.org/10.1016/b978-0-323-99762-1.00095-4,
2025.

Alley, K., Patacca, K., Pike, J., Dunbar, R., and Lev-
enter, A.: Iceberg Alley, East Antarctic Margin: Con-
tinuously laminated diatomaceous sediments from
the late Holocene, Mar. Micropaleontol., 140, 56–68,
https://doi.org/10.1016/j.marmicro.2017.12.002, 2018.

Anderson, O. R.: Protozoa, Radiolarians, in: Encyclopedia of
Ocean Sciences, edited by: Steele, J. H., Thorpe, S. A.,
and Turekian, K. K., Academic Press, Oxford, 2315–2320,
https://doi.org/10.1006/rwos.2001.0193, 2001.

Aparicio, M., Le Bihan, A., Jeandel, C., Fabre, S., Almar,
R., and Mingo, I. M.: Contribution of sandy beaches to
the global marine silicon cycle, Nat. Geosci., 18, 154–159,
https://doi.org/10.1038/s41561-024-01628-6, 2025.

Armbrust, E. V.: The life of diatoms in the world’s oceans, Nature,
459, 185–192, https://doi.org/10.1038/nature08057, 2009.

Arrigo, K. R.: Sea ice as a habitat for primary producers,
in: Sea Ice, edited by: Thomas, D. N., Wiley, 352–369,
https://doi.org/10.1002/9781118778371.ch14, 2017.

Ocean Sci., 21, 3427–3470, 2025 https://doi.org/10.5194/os-21-3427-2025

https://doi.org/10.1038/ncomms9136
https://doi.org/10.1038/s41586-024-07487-w
https://doi.org/10.1038/s41598-019-52304-4
https://doi.org/10.1128/aem.02527-24
https://doi.org/10.1016/s0016-7037(97)00001-x
https://doi.org/10.1007/s10533-015-0108-1
https://doi.org/10.1016/b978-0-323-99762-1.00095-4
https://doi.org/10.1016/j.marmicro.2017.12.002
https://doi.org/10.1006/rwos.2001.0193
https://doi.org/10.1038/s41561-024-01628-6
https://doi.org/10.1038/nature08057
https://doi.org/10.1002/9781118778371.ch14


I. Closset et al.: Silicification in the ocean 3455

Assmy, P., Henjes, J., Smetacek, V., and Montresor, M.: Aux-
ospore formation by the silica-sinking, oceanic diatom Fragi-
lariopsis kerguelensis (Bacillariophyceae), J. Phycol., 42, 1002–
1006, https://doi.org/10.1111/j.1529-8817.2006.00260.x, 2006.

Azam, F., Fenchel, T., Field, J. G., Gray, J. S., Meyer-Reil, L.
A., and Thingstad, F.: The Ecological Role of Water-Column
Microbes in the Sea, Mar. Ecol. Prog. Ser., 10, 257–263,
https://doi.org/10.3354/meps010257, 1983.

Baines, S. B., Twining, B. S., Brzezinski, M. A., Krause, J. W.,
Vogt, S., Assael, D., and McDaniel, H.: Significant silicon accu-
mulation by marine picocyanobacteria, Nat. Geosci., 5, 886–891,
https://doi.org/10.1038/ngeo1641, 2012.

Bárcena, M. A., Cacho, I., Abrantes, F., Sierro, F. J., Grimalt,
J. O., and Flores, J. A.: Paleoproductivity variations related
to climatic conditions in the Alboran Sea (western Mediter-
ranean) during the last glacial–interglacial transition: the diatom
record, Palaeogeogr. Palaeoclimatol. Palaeoecol., 167, 337–357,
https://doi.org/10.1016/S0031-0182(00)00246-7, 2001.

Baronas, J. J., Hammond, D. E., Berelson, W. M., Mc-
Manus, J., and Severmann, S.: Germanium–silicon fraction-
ation in a river-influenced continental margin: The Northern
Gulf of Mexico, Geochim. Cosmochim. Acta, 178, 124–142,
https://doi.org/10.1016/j.gca.2016.01.028, 2016.

Baronas, J. J., Torres, M. A., West, A. J., Rouxel, O., Georg,
B., Bouchez, J., Gaillardet, J., and Hammond, D. E.: Ge
and Si isotope signatures in rivers: A quantitative multi-
proxy approach, Earth Planet. Sci. Lett., 503, 194–215,
https://doi.org/10.1016/j.epsl.2018.09.022, 2018.

Baronas, J. J., Hammond, D. E., Rouxel, O. J., and Monteverde, D.
R.: A First Look at Dissolved Ge Isotopes in Marine Sediments,
Front. Earth Sci., 7, https://doi.org/10.3389/feart.2019.00162,
2019.

Baronas, J. J., West, A. J., Burton, K. W., Hammond, D. E., Opfer-
gelt, S., Pogge Von Strandmann, P. A. E., James, R. H., and
Rouxel, O. J.: Ge and Si Isotope Behavior During Intense Tropi-
cal Weathering and Ecosystem Cycling, Glob. Biogeochem. Cy-
cles, 34, https://doi.org/10.1029/2019gb006522, 2020.

Baronas, J. J., Hammond, D. E., Bennett, M. M., Rouxel, O.,
Pitcher, L. H., and Smith, L. C.: Ge/Si and Ge Isotope Frac-
tionation During Glacial and Non-glacial Weathering: Field and
Experimental Data From West Greenland, Front. Earth Sci., 9,
https://doi.org/10.3389/feart.2021.551900, 2021.

Barrio-Hernandez, I., Yeo, J., Jänes, J., Mirdita, M., Gilchrist,
C. L. M., Wein, T., Varadi, M., Velankar, S., Beltrao, P.,
and Steinegger, M.: Clustering predicted structures at the
scale of the known protein universe, Nature, 622, 637–645,
https://doi.org/10.1038/s41586-023-06510-w, 2023.

Barron, J. A., Bukry, D. B., and Gersonde, R.: Diatom and sili-
coflagellate biostratigraphy for the late Eocene: ODP 1090 (sub-
Antarctic Atlantic), in: Diatom research over time and space
Morphology, taxonomy, ecology and distribution of diatoms –
from fossil to recent, marine to freshwater, established species
and genera to new ones, edited by: Kociolek, J., Kulikovskiy,
M., Witkowski, J., and Harwood, D., Nova Hedwigia, Stuttgart,
1–32, ISBN-13 978-3-443-51065-7, 2014.

Battershill, C. and Bergquist, P.: The influence of storms on asex-
ual reproduction, recruitment, and survivorship of sponges., in:
New perspectives in sponge biology, edited by: Rutzler, K.,

Smithsonian Institution Press, Washington, DC, 397–403, ISBN
0874747848, 9780874747843, 1990.

Beazley, L. I., Kenchington, E. L., Murillo, F. J., and Sacau, M. D.
M.: Deep-sea sponge grounds enhance diversity and abundance
of epibenthic megafauna in the Northwest Atlantic, ICES J. Mar.
Sci., 70, 1471–1490, https://doi.org/10.1093/icesjms/fst124,
2013.

Behrenfeld, M. J., Halsey, K. H., Boss, E., Karp-Boss, L.,
Milligan, A. J., and Peers, G.: Thoughts on the evolu-
tion and ecological niche of diatoms, Ecol. Monogr., 91,
https://doi.org/10.1002/ecm.1457, 2021.

Bell, J. J.: The functional roles of marine
sponges, Estuar. Coast. Shelf Sci., 79, 341–353,
https://doi.org/10.1016/j.ecss.2008.05.002, 2008.

Bell, J. J., Strano, F., Broadribb, M., Wood, G., Harris, B., Resende,
A. C., Novak, E., and Micaroni, V.: Chapter Two – Sponge func-
tional roles in a changing world, in: Advances in Marine Biol-
ogy, vol. 95, edited by: Sheppard, C., Academic Press, 27–89,
https://doi.org/10.1016/bs.amb.2023.07.002, 2023.

Biard, T. and Ohman, M. D.: Vertical niche definition of
test-bearing protists (Rhizaria) into the twilight zone re-
vealed by in situ imaging, Limnol. Oceanogr., 65, 2583–2602,
https://doi.org/10.1002/lno.11472, 2020.

Biard, T., Stemmann, L., Picheral, M., Mayot, N., Vandromme, P.,
Hauss, H., Gorsky, G., Guidi, L., Kiko, R., and Not, F.: In situ
imaging reveals the biomass of giant protists in the global ocean,
Nature, 532, 504–507, https://doi.org/10.1038/nature17652,
2016.

Biard, T., Krause, J. W., Stukel, M. R., and Ohman, M. D.: The
Significance of Giant Phaeodarians (Rhizaria) to Biogenic Silica
Export in the California Current Ecosystem, Glob. Biogeochem.
Cycles, 32, 987–1004, https://doi.org/10.1029/2018GB005877,
2018.

Biller, S. J., Berube, P. M., Lindell, D., and Chisholm,
S. W.: Prochlorococcus: the structure and function of
collective diversity, Nat. Rev. Microbiol., 13, 13–27,
https://doi.org/10.1038/nrmicro3378, 2015.

Booth, B. C. and Marchant, H. J.: Parmales, a New Order
of Marine Chrysophytes, with Descriptions of Three New
Genera and Seven New Species, J. Phycol., 23, 245–260,
https://doi.org/10.1111/j.1529-8817.1987.tb04132.x, 1987.

Bowler, C., De Martino, A., and Falciatore, A.: Diatom cell division
in an environmental context, Curr. Opin. Plant Biol., 13, 623–
630, https://doi.org/10.1016/j.pbi.2010.09.014, 2010.

Bryłka, K., Alverson, A. J., Pickering, R. A., Richoz, S., and Con-
ley, D. J.: Uncertainties surrounding the oldest fossil record of di-
atoms, Sci. Rep., 13, https://doi.org/10.1038/s41598-023-35078-
8, 2023.

Bryłka, K., Ashworth, M. P., Alverson, A. J., and Conley,
D. J.: The Cretaceous Diatom Database: A tool for inves-
tigating early diatom evolution, J. Phycol., 60, 1090–1104,
https://doi.org/10.1111/jpy.13499, 2024.

Brzezinski, M., Olson, R., and Chisholm, S.: Silicon availability and
cell-cycle progression in marine diatoms, Mar. Ecol. Prog. Ser.,
67, 83–96, https://doi.org/10.3354/meps067083, 1990.

Brzezinski, M. A.: the Si:C:N ratio of marine diatoms: inter-
specific variability and the effect of some environmental vari-
ables, J. Phycol., 21, 347–357, https://doi.org/10.1111/j.0022-
3646.1985.00347.x, 1985.

https://doi.org/10.5194/os-21-3427-2025 Ocean Sci., 21, 3427–3470, 2025

https://doi.org/10.1111/j.1529-8817.2006.00260.x
https://doi.org/10.3354/meps010257
https://doi.org/10.1038/ngeo1641
https://doi.org/10.1016/S0031-0182(00)00246-7
https://doi.org/10.1016/j.gca.2016.01.028
https://doi.org/10.1016/j.epsl.2018.09.022
https://doi.org/10.3389/feart.2019.00162
https://doi.org/10.1029/2019gb006522
https://doi.org/10.3389/feart.2021.551900
https://doi.org/10.1038/s41586-023-06510-w
https://doi.org/10.1093/icesjms/fst124
https://doi.org/10.1002/ecm.1457
https://doi.org/10.1016/j.ecss.2008.05.002
https://doi.org/10.1016/bs.amb.2023.07.002
https://doi.org/10.1002/lno.11472
https://doi.org/10.1038/nature17652
https://doi.org/10.1029/2018GB005877
https://doi.org/10.1038/nrmicro3378
https://doi.org/10.1111/j.1529-8817.1987.tb04132.x
https://doi.org/10.1016/j.pbi.2010.09.014
https://doi.org/10.1038/s41598-023-35078-8
https://doi.org/10.1038/s41598-023-35078-8
https://doi.org/10.1111/jpy.13499
https://doi.org/10.3354/meps067083
https://doi.org/10.1111/j.0022-3646.1985.00347.x
https://doi.org/10.1111/j.0022-3646.1985.00347.x


3456 I. Closset et al.: Silicification in the ocean

Brzezinski, M. A., Krause, J. W., Baines, S. B., Collier, J. L., Ohne-
mus, D. C., and Twining, B. S.: Patterns and regulation of silicon
accumulation in Synechococcus spp., J. Phycol., 53, 746–761,
https://doi.org/10.1111/jpy.12545, 2017.

Buitenhuis, E. T., Li, W. K. W., Vaulot, D., Lomas, M. W.,
Landry, M. R., Partensky, F., Karl, D. M., Ulloa, O., Camp-
bell, L., Jacquet, S., Lantoine, F., Chavez, F., Macias, D., Gos-
selin, M., and McManus, G. B.: Picophytoplankton biomass dis-
tribution in the global ocean, Earth Syst. Sci. Data, 4, 37–46,
https://doi.org/10.5194/essd-4-37-2012, 2012.

Burki, F. and Keeling, P. J.: Rhizaria, Curr. Biol., 24, R103–R107,
https://doi.org/10.1016/j.cub.2013.12.025, 2014.

Busch, K., Slaby, B. M., Bach, W., Boetius, A., Clefsen, I., Co-
laço, A., Creemers, M., Cristobo, J., Federwisch, L., Franke,
A., Gavriilidou, A., Hethke, A., Kenchington, E., Mienis, F.,
Mills, S., Riesgo, A., Ríos, P., Roberts, E. M., Sipkema, D.,
Pita, L., Schupp, P. J., Xavier, J., Rapp, H. T., and Hentschel,
U.: Biodiversity, environmental drivers, and sustainability of
the global deep-sea sponge microbiome, Nat. Commun., 13,
https://doi.org/10.1038/s41467-022-32684-4, 2022.

Cahoon, L. B.: The role of benthic microalgae in neritic ecosystems,
in: Oceanography and Marine Biology, vol. 37, CRC Press, 40,
https://doi.org/10.1201/9781482298550, 1999.

Calvert, S. E.: Silica Balance in the Ocean and Diagenesis, Nature,
219, 919–920, https://doi.org/10.1038/219919a0, 1968.

Cardinal, D., Alleman, L. Y., Dehairs, F., Savoye, N., Trull,
T. W., and André, L.: Relevance of silicon isotopes to
Si-nutrient utilization and Si-source assessment in Antarc-
tic waters, Glob. Biogeochem. Cycles, 19, 2004GB002364,
https://doi.org/10.1029/2004GB002364, 2005.

Carvajal-Landinez, F. M., Helenes, J., and Murcia, L.-A. G.: Quan-
titative biostratigraphy and paleoecology of Neogene tropical
dinoflagellate cysts, J. South Am. Earth Sci., 134, 104776,
https://doi.org/10.1016/j.jsames.2023.104776, 2024.

Cassarino, L., Hendry, K. R., Henley, S. F., MacDonald, E., Arndt,
S., Freitas, F. S., Pike, J., and Firing, Y. L.: Sedimentary Nutrient
Supply in Productive Hot Spots off the West Antarctic Penin-
sula Revealed by Silicon Isotopes, Glob. Biogeochem. Cycles,
34, https://doi.org/10.1029/2019gb006486, 2020.

Cassarino, L., Curnow, P., and Hendry, K. R.: A biomimetic
peptide has no effect on the isotopic fractionation dur-
ing in vitro silica precipitation, Sci. Rep., 11, 9698,
https://doi.org/10.1038/s41598-021-88881-6, 2021.

Chadwick, M., Allen, C. S., Sime, L. C., Crosta, X., and Hil-
lenbrand, C.-D.: Reconstructing Antarctic winter sea-ice ex-
tent during Marine Isotope Stage 5e, Clim. Past, 18, 129–146,
https://doi.org/10.5194/cp-18-129-2022, 2022.

Chang, F. H. and Gall, M.: Autecology, pigment composition and
toxicology of Dictyocha octonaria (Dictyochophyceae, Ochro-
phyta) from Wellington Harbor, New Zealand, Phycol. Res., 64,
65–71, https://doi.org/10.1111/pre.12122, 2016.

Chang, F. H., McVeagh, M., Gall, M., and Smith, P.: Chattonella
globosa is a member of Dictyochophyceae: reassignment to Vi-
cicitus gen. nov., based on molecular phylogeny, pigment com-
position, morphology and life history, Phycologia, 51, 403–420,
https://doi.org/10.2216/10-104.1, 2012.

Chang, F. H., Sutherland, J., and Bradford-Grieve, J.: Taxonomic
revision of Dictyochales (Dictyochophyceae) based on morpho-

logical, ultrastructural, biochemical and molecular data, Phycol.
Res., 65, 235–247, https://doi.org/10.1111/pre.12181, 2017a.

Chang, S., Feng, Q., Clausen, S., and Zhang, L.: Sponge
spicules from the lower Cambrian in the Yanjiahe For-
mation, South China: The earliest biomineralizing sponge
record, Palaeogeogr. Palaeoclimatol. Palaeoecol., 474, 36–44,
https://doi.org/10.1016/j.palaeo.2016.06.032, 2017b.

Chang, S., Zhang, L., Clausen, S., Bottjer, D. J., and Feng, Q.: The
Ediacaran-Cambrian rise of siliceous sponges and development
of modern oceanic ecosystems, Precambrian Res., 333, 105438,
https://doi.org/10.1016/j.precamres.2019.105438, 2019.

Chen, C., Feng, Q., Algeo, T. J., Zhang, L., Chang, S.,
and Li, M.: New sponge spicules from the Ediacaran-
Cambrian transition in deep-water facies of South China,
Palaeogeogr. Palaeoclimatol. Palaeoecol., 627, 111714,
https://doi.org/10.1016/j.palaeo.2023.111714, 2023.

Chepurnov, V. A., Mann, D. G., Vyverman, W., Sabbe, K., and
Danielidis, D. B.: Sexual Reproduction, mating system, and pro-
toplast dynamics of Seminavis (Bacillariophyceae), J. Phycol.,
38, 1004–1019, https://doi.org/10.1046/j.1529-8817.2002.t01-1-
01233.x, 2002.

Cho, H.-M., Kim, G., Kwon, E. Y., Moosdorf, N., Garcia-Orellana,
J., and Santos, I. R.: Radium tracing nutrient inputs through sub-
marine groundwater discharge in the global ocean, Sci. Rep., 8,
2439, https://doi.org/10.1038/s41598-018-20806-2, 2018.

Chong, L. S., Berelson, W. M., McManus, J., Hammond, D. E.,
Rollins, N. E., and Yager, P. L.: Carbon and biogenic silica export
influenced by the Amazon River Plume: Patterns of remineraliza-
tion in deep-sea sediments, Deep Sea Res. Part Oceanogr. Res.
Pap., 85, 124–137, https://doi.org/10.1016/j.dsr.2013.12.007,
2014.

Chu, J., Maldonado, M., Yahel, G., and Leys, S.: Glass sponge
reefs as a silicon sink, Mar. Ecol. Prog. Ser., 441, 1–14,
https://doi.org/10.3354/meps09381, 2011.

Churakova, Y., Aguilera, A., Charalampous, E., Conley, D. J.,
Lundin, D., Pinhassi, J., and Farnelid, H.: Biogenic silica
accumulation in picoeukaryotes: Novel players in the ma-
rine silica cycle, Environ. Microbiol. Rep., 15, 282–290,
https://doi.org/10.1111/1758-2229.13144, 2023.

Civel-Mazens, M., Cortese, G., Crosta, X., Lawler, K. A., Lowe,
V., Ikehara, M., and Itaki, T.: New Southern Ocean trans-
fer function for subsurface temperature prediction using ra-
diolarian assemblages, Mar. Micropaleontol., 178, 102198,
https://doi.org/10.1016/j.marmicro.2022.102198, 2023.

Civel-Mazens, M., Crosta, X., Cortese, G., Lowe, V., Itaki, T., Ike-
hara, M., and Kohfeld, K.: Subantarctic jet migrations regulate
vertical mixing in the Southern Indian, Earth Planet. Sci. Lett.,
642, 118877, https://doi.org/10.1016/j.epsl.2024.118877, 2024.

Closset, I., McNair, H. M., Brzezinski, M. A., Krause, J. W., Thama-
trakoln, K., and Jones, J. L.: Diatom response to alterations in
upwelling and nutrient dynamics associated with climate forcing
in the California Current System, Limnol. Oceanogr., 66, 1578–
1593, https://doi.org/10.1002/lno.11705, 2021.

Closset, I., Brzezinski, M. A., Cardinal, D., Dapoigny, A., Jones,
J. L., and Robinson, R. S.: A silicon isotopic perspective on the
contribution of diagenesis to the sedimentary silicon budget in
the Southern Ocean, Geochim. Cosmochim. Acta, 327, 298–313,
https://doi.org/10.1016/j.gca.2022.04.010, 2022.

Ocean Sci., 21, 3427–3470, 2025 https://doi.org/10.5194/os-21-3427-2025

https://doi.org/10.1111/jpy.12545
https://doi.org/10.5194/essd-4-37-2012
https://doi.org/10.1016/j.cub.2013.12.025
https://doi.org/10.1038/s41467-022-32684-4
https://doi.org/10.1201/9781482298550
https://doi.org/10.1038/219919a0
https://doi.org/10.1029/2004GB002364
https://doi.org/10.1016/j.jsames.2023.104776
https://doi.org/10.1029/2019gb006486
https://doi.org/10.1038/s41598-021-88881-6
https://doi.org/10.5194/cp-18-129-2022
https://doi.org/10.1111/pre.12122
https://doi.org/10.2216/10-104.1
https://doi.org/10.1111/pre.12181
https://doi.org/10.1016/j.palaeo.2016.06.032
https://doi.org/10.1016/j.precamres.2019.105438
https://doi.org/10.1016/j.palaeo.2023.111714
https://doi.org/10.1046/j.1529-8817.2002.t01-1-01233.x
https://doi.org/10.1046/j.1529-8817.2002.t01-1-01233.x
https://doi.org/10.1038/s41598-018-20806-2
https://doi.org/10.1016/j.dsr.2013.12.007
https://doi.org/10.3354/meps09381
https://doi.org/10.1111/1758-2229.13144
https://doi.org/10.1016/j.marmicro.2022.102198
https://doi.org/10.1016/j.epsl.2024.118877
https://doi.org/10.1002/lno.11705
https://doi.org/10.1016/j.gca.2022.04.010


I. Closset et al.: Silicification in the ocean 3457

Conley, D. J.: Terrestrial ecosystems and the global bio-
geochemical silica cycle, Glob. Biogeochem. Cycles, 16,
https://doi.org/10.1029/2002gb001894, 2002.

Conley, D. J. and Carey, J. C.: Silica cycling over geologic time,
Nat. Geosci., 8, 431–432, https://doi.org/10.1038/ngeo2454,
2015.

Conley, D. J., Frings, P. J., Fontorbe, G., Clymans, W., Stad-
mark, J., Hendry, K. R., Marron, A. O., and De La Rocha,
C. L.: Biosilicification Drives a Decline of Dissolved Si in
the Oceans through Geologic Time, Front. Mar. Sci., 4, 397,
https://doi.org/10.3389/fmars.2017.00397, 2017.

Cooke, J. and Leishman, M. R.: Consistent alleviation of abiotic
stress with silicon addition: a meta-analysis, Funct. Ecol., 30,
1340–1357, https://doi.org/10.1111/1365-2435.12713, 2016.

Cornelis, J. and Delvaux, B.: Soil processes drive the bio-
logical silicon feedback loop, Funct. Ecol., 30, 1298–1310,
https://doi.org/10.1111/1365-2435.12704, 2016.

Crosta, X. and Koç, N.: Diatoms: From Micropaleontology to Iso-
tope Geochemistry, in: Developments in Marine Geology, vol. 1,
edited by: Hillaire-Marcel, C. and De Vernal, A., Elsevier, 327–
369, https://doi.org/10.1016/S1572-5480(07)01013-5, 2007.

Crosta, X. and Shemesh, A.: Reconciling down core anti-
correlation of diatom carbon and nitrogen isotopic ra-
tios from the Southern Ocean, Paleoceanography, 17,
https://doi.org/10.1029/2000PA000565, 2002.

Crosta, X., Etourneau, J., Orme, L. C., Dalaiden, Q., Campagne, P.,
Swingedouw, D., Goosse, H., Massé, G., Miettinen, A., McKay,
R. M., Dunbar, R. B., Escutia, C., and Ikehara, M.: Multi-
decadal trends in Antarctic sea-ice extent driven by ENSO–
SAM over the last 2,000 years, Nat. Geosci., 14, 156–160,
https://doi.org/10.1038/s41561-021-00697-1, 2021.

Cumming, B. F., Wilson, S. E., and Smol, J. P.: Paleolimnological
potential of chrysophyte cysts and scales and of sponge spicules
as indicators of lake salinity, Int. J. Salt Lake Res., 2, 87–92,
https://doi.org/10.1007/BF02905055, 1993.

Currie, H. A. and Perry, C. C.: Silica in Plants: Biological, Bio-
chemical and Chemical Studies, Ann. Bot., 100, 1383–1389,
https://doi.org/10.1093/aob/mcm247, 2007.

Decelle, J., Veronesi, G., LeKieffre, C., Gallet, B., Chevalier, F.,
Stryhanyuk, H., Marro, S., Ravanel, S., Tucoulou, R., Schieber,
N., Finazzi, G., Schwab, Y., and Musat, N.: Subcellular architec-
ture and metabolic connection in the planktonic photosymbio-
sis between Collodaria (radiolarians) and their microalgae, En-
viron. Microbiol., 23, 6569–6586, https://doi.org/10.1111/1462-
2920.15766, 2021.

De Freitas Oliveira, M. R., da Costa, C., and Benedito, E.: Trends
and gaps in scientific production on freshwater sponges, Oecolo-
gia Aust., 24, 61–75, https://doi.org/10.4257/oeco.2020.2401.05,
2020.

De Goeij, J. M., Van Oevelen, D., Vermeij, M. J. A., Osinga,
R., Middelburg, J. J., De Goeij, A. F. P. M., and Admiraal,
W.: Surviving in a Marine Desert: The Sponge Loop Re-
tains Resources Within Coral Reefs, Science, 342, 108–110,
https://doi.org/10.1126/science.1241981, 2013.

De La Rocha, C. L., Brzezinski, M. A., and DeNiro, M. J.: Frac-
tionation of silicon isotopes by marine diatoms during biogenic
silica formation, Geochim. Cosmochim. Acta, 61, 5051–5056,
https://doi.org/10.1016/S0016-7037(97)00300-1, 1997.

De La Rocha, C. L., Brzezinski, M. A., DeNiro, M. J., and
Shemesh, A.: Silicon-isotope composition of diatoms as an
indicator of past oceanic change, Nature, 395, 680–683,
https://doi.org/10.1038/27174, 1998.

Demarest, M. S., Brzezinski, M. A., and Beucher, C. P.:
Fractionation of silicon isotopes during biogenic silica
dissolution, Geochim. Cosmochim. Acta, 73, 5572–5583,
https://doi.org/10.1016/j.gca.2009.06.019, 2009.

DeMaster, D. J.: The supply and accumulation of silica in the ma-
rine environment, Geochim. Cosmochim. Acta, 45, 1715–1732,
https://doi.org/10.1016/0016-7037(81)90006-5, 1981.

DeMaster, D. J.: The Diagenesis of Biogenic Silica: Chemical
Transformations Occurring in the Water Column, Seabed, and
Crust, Treatise Geochem., 7, 407, https://doi.org/10.1016/B0-08-
043751-6/07095-X, 2003.

DeMaster, D. J.: The Global Marine Silica Budget: Sources and
Sinks, in: Encyclopedia of Ocean Sciences, vol. 1, edited by:
Cochran, J. K., Bokuniewicz, H. J., and Yager, P. L., Elsevier,
473–483, https://doi.org/10.1016/b978-0-12-409548-9.10799-7,
2019.

Deshmukh, R., Sonah, H., and Belanger, R. R.: New evidence
defining the evolutionary path of aquaporins regulating sil-
icon uptake in land plants, J. Exp. Bot., 71, 6775–6788,
https://doi.org/10.1093/jxb/eraa342, 2020.

de Tombeur, F., Turner, B. L., Laliberté, E., Lambers, H., Mahy, G.,
Faucon, M.-P., Zemunik, G., and Cornelis, J.-T.: Plants sustain
the terrestrial silicon cycle during ecosystem retrogression, Sci-
ence, 369, 1245–1248, https://doi.org/10.1126/science.abc0393,
2020.

de Tombeur, F., Pélissier, R., Shihan, A., Rahajaharilaza, K.,
Fort, F., Mahaut, L., Lemoine, T., Thorne, S. J., Hartley, S.
E., Luquet, D., Fabre, D., Lambers, H., Morel, J.-B., Ballini,
E., and Violle, C.: Growth–defence trade-off in rice: fast-
growing and acquisitive genotypes have lower expression of
genes involved in immunity, J. Exp. Bot., 74, 3094–3103,
https://doi.org/10.1093/jxb/erad071, 2023a.

de Tombeur, F., Raven, J. A., Toussaint, A., Lambers, H., Cooke,
J., Hartley, S. E., Johnson, S. N., Coq, S., Katz, O., Schaller, J.,
and Violle, C.: Why do plants silicify?, Trends Ecol. Evol., 38,
275–288, https://doi.org/10.1016/j.tree.2022.11.002, 2023b.

de Tombeur, F., Plouzeau, L., Shaw, J., Hodson, M. J., Ranathunge,
K., Kotula, J., Hayes, P. E., Tremblay, M., Coq, S., Stein, M.,
Nakamura, R., Wright, I. J., Lambers, H., Violle, C., and Clode,
P. L.: Anatomical and Trait Analyses Reveal a Silicon-Carbon
Trade-Off in the Epidermis of Sedges, Plant Cell Environ., 48,
2396–2410, https://doi.org/10.1111/pce.15307, 2025.

De Tommasi, E., Gielis, J., and Rogato, A.: Diatom Frustule Mor-
phogenesis and Function: a Multidisciplinary Survey, Mar. Ge-
nomics, 35, 1–18, https://doi.org/10.1016/j.margen.2017.07.001,
2017.

de Voogd, N., Alvarez, B., Boury-Esnault, N., Cárdenas, P., Díaz,
M.-C., Dohrmann, M., Downey, R., Goodwin, C., Hajdu, E.,
Hooper, J., Kelly, M., Klautau, M., Lim, S.-C., Manconi, R.,
Morrow, C., Pinheiro, U., Pisera, A., Ríos, P., Rützler, K., Schön-
berg, C., Turner, T., Vacelet, J., van Soest, R., and Xavier, J.:
World Porifera Database, https://doi.org/10.14284/359, 2025.

De Wever, P., Dumitrica, P., Caulet, J. P., Nigrini, C., and Caridroit,
M.: Radiolarians in the Sedimentary Record, Gordan and Breach

https://doi.org/10.5194/os-21-3427-2025 Ocean Sci., 21, 3427–3470, 2025

https://doi.org/10.1029/2002gb001894
https://doi.org/10.1038/ngeo2454
https://doi.org/10.3389/fmars.2017.00397
https://doi.org/10.1111/1365-2435.12713
https://doi.org/10.1111/1365-2435.12704
https://doi.org/10.1016/S1572-5480(07)01013-5
https://doi.org/10.1029/2000PA000565
https://doi.org/10.1038/s41561-021-00697-1
https://doi.org/10.1007/BF02905055
https://doi.org/10.1093/aob/mcm247
https://doi.org/10.1111/1462-2920.15766
https://doi.org/10.1111/1462-2920.15766
https://doi.org/10.4257/oeco.2020.2401.05
https://doi.org/10.1126/science.1241981
https://doi.org/10.1016/S0016-7037(97)00300-1
https://doi.org/10.1038/27174
https://doi.org/10.1016/j.gca.2009.06.019
https://doi.org/10.1016/0016-7037(81)90006-5
https://doi.org/10.1016/B0-08-043751-6/07095-X
https://doi.org/10.1016/B0-08-043751-6/07095-X
https://doi.org/10.1016/b978-0-12-409548-9.10799-7
https://doi.org/10.1093/jxb/eraa342
https://doi.org/10.1126/science.abc0393
https://doi.org/10.1093/jxb/erad071
https://doi.org/10.1016/j.tree.2022.11.002
https://doi.org/10.1111/pce.15307
https://doi.org/10.1016/j.margen.2017.07.001
https://doi.org/10.14284/359


3458 I. Closset et al.: Silicification in the ocean

Science Publishers, https://doi.org/10.1201/9781482283181,
2001.

Doering, K., Erdem, Z., Ehlert, C., Fleury, S., Frank, M., and
Schneider, R.: Changes in diatom productivity and upwelling in-
tensity off Peru since the Last Glacial Maximum: Response to
basin-scale atmospheric and oceanic forcing, Paleoceanography,
31, 1453–1473, https://doi.org/10.1002/2016PA002936, 2016.

Doering, K., Ehlert, C., Pahnke, K., Frank, M., Schneider, R.,
and Grasse, P.: Silicon Isotope Signatures of Radiolaria Reveal
Taxon-Specific Differences in Isotope Fractionation, Front. Mar.
Sci., 8, https://doi.org/10.3389/fmars.2021.666896, 2021.

Dumitrica, P.: Double skeletons of silicoflagellates: Their
reciprocal position and taxonomical and paleobio-
logical values, Rev. Micropaléontologie, 57, 57–74,
https://doi.org/10.1016/j.revmic.2014.04.001, 2014.

Durak, G. M., Taylor, A. R., Walker, C. E., Probert, I., De
Vargas, C., Audic, S., Schroeder, D., Brownlee, C., and
Wheeler, G. L.: A role for diatom-like silicon transporters
in calcifying coccolithophores, Nat. Commun., 7, 10543,
https://doi.org/10.1038/ncomms10543, 2016.

Durbin, E. G.: Studies on the autecology of the marine diatom
Thalassiosira nordenskioeldiiII. II. The influence of cell size
on growth rate, and carbon, nitrogen, chlorophyll a and silica
content, J. Phycol., 13, 150–155, https://doi.org/10.1111/j.1529-
8817.1977.tb02904.x, 1977.

Durkin, C. A., Koester, J. A., Bender, S. J., and Armbrust, E. V.:
The evolution of silicon transporters in diatoms, J. Phycol., 52,
716–731, https://doi.org/10.1111/jpy.12441, 2016.

Eckford-Soper, L. and Daugbjerg, N.: The ichthyotoxic
genus Pseudochattonella (Dictyochophyceae): Distribu-
tion, toxicity, enumeration, ecological impact, succession
and life history – A review, Harmful Algae, 58, 51–58,
https://doi.org/10.1016/j.hal.2016.08.002, 2016.

Egan, K. E., Rickaby, R. E. M., Leng, M. J., Hendry, K. R., Her-
moso, M., Sloane, H. J., Bostock, H., and Halliday, A. N.:
Diatom silicon isotopes as a proxy for silicic acid utilisation:
A Southern Ocean core top calibration, Geochim. Cosmochim.
Acta, 96, 174–192, https://doi.org/10.1016/j.gca.2012.08.002,
2012.

Ehlert, C., Doering, K., Wallmann, K., Scholz, F., Sommer, S.,
Grasse, P., Geilert, S., and Frank, M.: Stable silicon isotope sig-
natures of marine pore waters – Biogenic opal dissolution versus
authigenic clay mineral formation, Geochim. Cosmochim. Acta,
191, 102–117, https://doi.org/10.1016/j.gca.2016.07.022, 2016.

Ehrenberg, C. G.: Ueber das Massenverhältniss der jetzt lebenden
Kiesel-Infusorien und über ein neues Infusorien-Conglomerat als
Polirschiefer von Jastraba in Ungarn, Ann. Phys., 117, 555–558,
https://doi.org/10.1002/andp.18371170712, 1837.

Ehrlich, H., Deutzmann, R., Brunner, E., Cappellini, E., Koon, H.,
Solazzo, C., Yang, Y., Ashford, D., Thomas-Oates, J., Lubeck,
M., Baessmann, C., Langrock, T., Hoffmann, R., Wörheide, G.,
Reitner, J., Simon, P., Tsurkan, M., Ereskovsky, A. V., Kurek,
D., Bazhenov, V. V., Hunoldt, S., Mertig, M., Vyalikh, D. V.,
Molodtsov, S. L., Kummer, K., Worch, H., Smetacek, V., and
Collins, M. J.: Mineralization of the metre-long biosilica struc-
tures of glass sponges is templated on hydroxylated collagen,
Nat. Chem., 2, 1084–1088, https://doi.org/10.1038/nchem.899,
2010.

Eicken, H.: From the Microscopic, to the Macroscopic, to the Re-
gional Scale: Growth, Microstructure and Properties of Sea Ice,
in: Sea Ice: An Introduction to its Physics, Chemistry, Biol-
ogy and Geology, edited by: Thomas, D. N. and Dieckmann, G.
S., Wiley, 22–81, https://doi.org/10.1002/9780470757161.ch2,
2003.

Esenkulova, S., Sutherland, B. J. G., Tabata, A., Haigh, N.,
Pearce, C. M., and Miller, K. M.: Comparing metabarcod-
ing and morphological approaches to identify phytoplankton
taxa associated with harmful algal blooms, Facets, 5, 784–811,
https://doi.org/10.1139/facets-2020-0025, 2020.

Fabre, S., Jeandel, C., Zambardi, T., Roustan, M., and Al-
mar, R.: An Overlooked Silica Source of the Modern
Oceans: Are Sandy Beaches the Key?, Front. Earth Sci., 7,
https://doi.org/10.3389/feart.2019.00231, 2019.

Falkowski, P. G., Katz, M. E., Knoll, A. H., Quigg, A., Raven,
J. A., Schofield, O., and Taylor, F. J. R.: The Evolution
of Modern Eukaryotic Phytoplankton, Science, 305, 354–360,
https://doi.org/10.1126/science.1095964, 2004.

Falkowski, P. G., Fenchel, T., and Delong, E. F.: The Microbial En-
gines That Drive Earth’s Biogeochemical Cycles, Science, 320,
1034–1039, https://doi.org/10.1126/science.1153213, 2008.

Farooq, M. A. and Dietz, K.-J.: Silicon as Versatile Player in Plant
and Human Biology: Overlooked and Poorly Understood, Front.
Plant Sci., 6, https://doi.org/10.3389/fpls.2015.00994, 2015.

Faure, E., Not, F., Benoiston, A.-S., Labadie, K., Bittner, L.,
and Ayata, S.-D.: Mixotrophic protists display contrasted bio-
geographies in the global ocean, ISME J., 13, 1072–1083,
https://doi.org/10.1038/s41396-018-0340-5, 2019.

Ferguson, A. and Davis, A.: Heart of glass: spicule armament and
physical defense in temperate reef sponges, Mar. Ecol. Prog. Ser.,
372, 77–86, https://doi.org/10.3354/meps07680, 2008.

Fernandez, N. M., Bouchez, J., Derry, L. A., Chorover, J., Gail-
lardet, J., Giesbrecht, I., Fries, D., and Druhan, J. L.: Re-
siliency of Silica Export Signatures When Low Order Streams
Are Subject to Storm Events, J. Geophys. Res.-Biogeo., 127,
https://doi.org/10.1029/2021jg006660, 2022.

Field, C. B., Behrenfeld, M. J., Randerson, J. T., and Falkowski,
P.: Primary Production of the Biosphere: Integrating Ter-
restrial and Oceanic Components, Science, 281, 237–240,
https://doi.org/10.1126/science.281.5374.237, 1998.

Flombaum, P., Wang, W.-L., Primeau, F. W., and Martiny, A.
C.: Global picophytoplankton niche partitioning predicts overall
positive response to ocean warming, Nat. Geosci., 13, 116–120,
https://doi.org/10.1038/s41561-019-0524-2, 2020.

Flynn, K. J. and Martin-Jézéquel, V.: Modelling Si-N-
limited growth of diatoms, J. Plankton Res., 22, 447–472,
https://doi.org/10.1093/plankt/22.3.447, 2000.

Folkers, M. and Rombouts, T.: Sponges Revealed: A Synthe-
sis of Their Overlooked Ecological Functions Within Aquatic
Ecosystems, in: YOUMARES 9 – The Oceans: Our Research,
Our Future, edited by: Jungblut, S., Liebich, V., and Bode-
Dalby, M., Springer International Publishing, Cham, 181–193,
https://doi.org/10.1007/978-3-030-20389-4_9, 2020.

Fontorbe, G., Frings, P. J., De La Rocha, C. L., Hendry, K.
R., and Conley, D. J.: A silicon depleted North Atlantic
since the Palaeogene: Evidence from sponge and radiolar-
ian silicon isotopes, Earth Planet. Sci. Lett., 453, 67–77,
https://doi.org/10.1016/j.epsl.2016.08.006, 2016.

Ocean Sci., 21, 3427–3470, 2025 https://doi.org/10.5194/os-21-3427-2025

https://doi.org/10.1201/9781482283181
https://doi.org/10.1002/2016PA002936
https://doi.org/10.3389/fmars.2021.666896
https://doi.org/10.1016/j.revmic.2014.04.001
https://doi.org/10.1038/ncomms10543
https://doi.org/10.1111/j.1529-8817.1977.tb02904.x
https://doi.org/10.1111/j.1529-8817.1977.tb02904.x
https://doi.org/10.1111/jpy.12441
https://doi.org/10.1016/j.hal.2016.08.002
https://doi.org/10.1016/j.gca.2012.08.002
https://doi.org/10.1016/j.gca.2016.07.022
https://doi.org/10.1002/andp.18371170712
https://doi.org/10.1038/nchem.899
https://doi.org/10.1002/9780470757161.ch2
https://doi.org/10.1139/facets-2020-0025
https://doi.org/10.3389/feart.2019.00231
https://doi.org/10.1126/science.1095964
https://doi.org/10.1126/science.1153213
https://doi.org/10.3389/fpls.2015.00994
https://doi.org/10.1038/s41396-018-0340-5
https://doi.org/10.3354/meps07680
https://doi.org/10.1029/2021jg006660
https://doi.org/10.1126/science.281.5374.237
https://doi.org/10.1038/s41561-019-0524-2
https://doi.org/10.1093/plankt/22.3.447
https://doi.org/10.1007/978-3-030-20389-4_9
https://doi.org/10.1016/j.epsl.2016.08.006


I. Closset et al.: Silicification in the ocean 3459

Fontorbe, G., Frings, P. J., De La Rocha, C. L., Hendry,
K. R., Carstensen, J., and Conley, D. J.: Enrichment
of dissolved silica in the deep equatorial Pacific dur-
ing the Eocene-Oligocene, Paleoceanography, 32, 848–863,
https://doi.org/10.1002/2017PA003090, 2017.

Fortey, R. A. and Holdsworth, B. K.: The oldest known well-
preserved Radiolaria, Boll. Della Soc. Paleontol. Ital., 10, 35–41,
1971.

Frings, P. J., Clymans, W., Fontorbe, G., De La Rocha, C. L.,
and Conley, D. J.: The continental Si cycle and its impact
on the ocean Si isotope budget, Chem. Geol., 425, 12–36,
https://doi.org/10.1016/j.chemgeo.2016.01.020, 2016.

Frings, P. J., Schubring, F., Oelze, M., and Von Blanckenburg, F.:
Quantifying biotic and abiotic Si fluxes in the Critical Zone with
Ge/Si ratios along a gradient of erosion rates, Am. J. Sci., 321,
1204–1245, https://doi.org/10.2475/08.2021.03, 2021.

Frings, P. J., Panizzo, V. N., Sutton, J. N., and Ehlert, C.:
Diatom silicon isotope ratios in Quaternary research:
Where do we stand?, Quat. Sci. Rev., 344, 108966,
https://doi.org/10.1016/j.quascirev.2024.108966, 2024.

Fripiat, F., Cardinal, D., Tison, J.-L., Worby, A., and An-
dré, L.: Diatom-induced silicon isotopic fractionation
in Antarctic sea ice, J. Geophys. Res.-Biogeo., 112,
https://doi.org/10.1029/2006JG000244, 2007.

Fripiat, F., Tison, J.-L., André, L., Notz, D., and Delille, B.: Bio-
genic silica recycling in sea ice inferred from Si-isotopes: con-
straints from Arctic winter first-year sea ice, Biogeochemistry,
119, 25–33, https://doi.org/10.1007/s10533-013-9911-8, 2014.

Fuhrman, J. A.: Marine viruses and their biogeochem-
ical and ecological effects, Nature, 399, 541–548,
https://doi.org/10.1038/21119, 1999.

Gaino, E., Scoccia, F., Piersanti, S., Rebora, M., Bellucci, L. G.,
and Ludovisi, A.: Spicule records of Ephydatia fluviatilis as a
proxy for hydrological and environmental changes in the shallow
Lake Trasimeno (Umbria, Italy), Hydrobiologia, 679, 139–153,
https://doi.org/10.1007/s10750-011-0861-7, 2012.

Geilert, S., Grasse, P., Doering, K., Wallmann, K., Ehlert, C.,
Scholz, F., Frank, M., Schmidt, M., and Hensen, C.: Impact of
ambient conditions on the Si isotope fractionation in marine pore
fluids during early diagenesis, Biogeosciences, 17, 1745–1763,
https://doi.org/10.5194/bg-17-1745-2020, 2020.

Geilert, S., Frick, D. A., Garbe-Schönberg, D., Scholz, F., Sommer,
S., Grasse, P., Vogt, C., and Dale, A. W.: Coastal El Niño triggers
rapid marine silicate alteration on the seafloor, Nat. Commun.,
14, https://doi.org/10.1038/s41467-023-37186-5, 2023.

Gentil, J., Hempel, F., Moog, D., Zauner, S., and Maier, U. G.: Re-
view: origin of complex algae by secondary endosymbiosis: a
journey through time, J. Soil Sci. Plant Nutr., 254, 1835–1843,
https://doi.org/10.1007/s00709-017-1098-8, 2017.

Gerea, M., Saad, J., Izaguirre, I., Queimaliños, C., Gasol,
J., and Unrein, F.: Presence, abundance and bacterivory of
the mixotrophic algae Pseudopedinella (Dictyochophyceae) in
freshwater environments, Aquat. Microb. Ecol., 76, 219–232,
https://doi.org/10.3354/ame01780, 2016.

Ghobara, M. M., Ghobara, M. M., Mazumder, N., Vinayak,
V., Reissig, L., Gebeshuber, I. C., Tiffany, M. A., Gor-
don, R., and Gordon, R.: On Light and Diatoms: A Pho-
tonics and Photobiology Review, in: Diatoms: Fundamen-

tals and Applications, John Wiley & Sons, Ltd, 129–189,
https://doi.org/10.1002/9781119370741.ch7, 2019.

Giesbrecht, K. E. and Varela, D. E.: Summertime Biogenic Sil-
ica Production and Silicon Limitation in the Pacific Arc-
tic Region From 2006 to 2016, Glob. Biogeochem. Cycles,
35, e2020GB006629, https://doi.org/10.1029/2020GB006629,
2021.

Görlich, S., Pawolski, D., Zlotnikov, I., and Kröger, N.: Con-
trol of biosilica morphology and mechanical performance by
the conserved diatom gene Silicanin-1, Commun. Biol., 2,
https://doi.org/10.1038/s42003-019-0436-0, 2019.

Gouretski, V. V. and Koltermann, K. P.: WOCE - Global Hy-
drographic Climatology: A Technical Report, Bundesamt für
Seeschifffahrt und Hydrographie (BSH), Hamburg & Rostock,
https://doi.org/10.57802/azf1-r757, 2004.

Gouvêa, L., Fragkopoulou, E., B. Araújo, M., Serrão, E. A., and As-
sis, J.: Seagrass Biodiversity Under the Latest-Generation Sce-
narios of Projected Climate Change, J. Biogeogr., 52, 172–185,
https://doi.org/10.1111/jbi.15021, 2024.

Grasse, P., Closset, I., Jones, J. L., Geilert, S., and Brzezin-
ski, M. A.: Controls on Dissolved Silicon Isotopes Along
the U.S. GEOTRACES Eastern Pacific Zonal Transect
(GP16), Glob. Biogeochem. Cycles, 34, e2020GB006538,
https://doi.org/10.1029/2020GB006538, 2020.

Grenne, T. and Slack, J. F.: Paleozoic and Mesozoic silica-
rich seawater: Evidence from hematitic chert (jasper)
deposits, Geology, 31, 319, https://doi.org/10.1130/0091-
7613(2003)031<0319:PAMSRS>2.0.CO;2, 2003.

Gutierrez-Rodriguez, A., Stukel, M. R., Lopes dos Santos, A.,
Biard, T., Scharek, R., Vaulot, D., Landry, M. R., and Not, F.:
High contribution of Rhizaria (Radiolaria) to vertical export in
the California Current Ecosystem revealed by DNA metabarcod-
ing, ISME J., 13, 964–976, https://doi.org/10.1038/s41396-018-
0322-7, 2019.

Haeckel, E.: Report on the Radiolaria collected by H.M.S. Chal-
lenger during the years 1873–1876, Zoology, 18, 1–1803, 1887.

Halbach, L., Vihtakari, M., Duarte, P., Everett, A., Granskog,
M. A., Hop, H., Kauko, H. M., Kristiansen, S., Myhre, P. I.,
Pavlov, A. K., Pramanik, A., Tatarek, A., Torsvik, T., Wiktor,
J. M., Wold, A., Wulff, A., Steen, H., and Assmy, P.: Tidewater
Glaciers and Bedrock Characteristics Control the Phytoplankton
Growth Environment in a Fjord in the Arctic, Front. Mar. Sci., 6,
https://doi.org/10.3389/fmars.2019.00254, 2019.

Hamm, C. E., Merkel, R., Springer, O., Jurkojc, P., Maier, C., Prech-
tel, K., and Smetacek, V.: Architecture and material properties
of diatom shells provide effective mechanical protection, Nature,
421, 841–843, https://doi.org/10.1038/nature01416, 2003.

Harper, H. E. and Knoll, A. H.: Silica, diatoms, and Cenozoic radi-
olarian evolution, Geology, 3, 175, https://doi.org/10.1130/0091-
7613(1975)3<175:SDACRE>2.0.CO;2, 1975.

Harrison, F. W.: Sponges (Porifera: Spongillidae), in: Pollution
Ecology of Freshwater Invertebrates, edited by: Hart, C. W. and
Fuller, S. L. H., Academic Press New York, New York, 29–66,
ISBN 0-12-328450-3, 1974.

Hartley, S. E. and DeGabriel, J. L.: The ecology of herbivore-
induced silicon defences in grasses, Funct. Ecol., 30, 1311–1322,
https://doi.org/10.1111/1365-2435.12706, 2016.

Hatton, J. E., Hendry, K. R., Hawkings, J. R., Wadham, J.
L., Kohler, T. J., Stibal, M., Beaton, A. D., Bagshaw,

https://doi.org/10.5194/os-21-3427-2025 Ocean Sci., 21, 3427–3470, 2025

https://doi.org/10.1002/2017PA003090
https://doi.org/10.1016/j.chemgeo.2016.01.020
https://doi.org/10.2475/08.2021.03
https://doi.org/10.1016/j.quascirev.2024.108966
https://doi.org/10.1029/2006JG000244
https://doi.org/10.1007/s10533-013-9911-8
https://doi.org/10.1038/21119
https://doi.org/10.1007/s10750-011-0861-7
https://doi.org/10.5194/bg-17-1745-2020
https://doi.org/10.1038/s41467-023-37186-5
https://doi.org/10.1007/s00709-017-1098-8
https://doi.org/10.3354/ame01780
https://doi.org/10.1002/9781119370741.ch7
https://doi.org/10.1029/2020GB006629
https://doi.org/10.1038/s42003-019-0436-0
https://doi.org/10.57802/azf1-r757
https://doi.org/10.1111/jbi.15021
https://doi.org/10.1029/2020GB006538
https://doi.org/10.1130/0091-7613(2003)031<0319:PAMSRS>2.0.CO;2
https://doi.org/10.1130/0091-7613(2003)031<0319:PAMSRS>2.0.CO;2
https://doi.org/10.1038/s41396-018-0322-7
https://doi.org/10.1038/s41396-018-0322-7
https://doi.org/10.3389/fmars.2019.00254
https://doi.org/10.1038/nature01416
https://doi.org/10.1130/0091-7613(1975)3<175:SDACRE>2.0.CO;2
https://doi.org/10.1130/0091-7613(1975)3<175:SDACRE>2.0.CO;2
https://doi.org/10.1111/1365-2435.12706


3460 I. Closset et al.: Silicification in the ocean

E. A., and Telling, J.: Investigation of subglacial weath-
ering under the Greenland Ice Sheet using silicon iso-
topes, Geochim. Cosmochim. Acta, 247, 191–206,
https://doi.org/10.1016/j.gca.2018.12.033, 2019a.

Hatton, J. E., Hendry, K. R., Hawkings, J. R., Wadham, J. L.,
Opfergelt, S., Kohler, T. J., Yde, J. C., Stibal, M., and Žárský,
J. D.: Silicon isotopes in Arctic and sub-Arctic glacial melt-
waters: the role of subglacial weathering in the silicon cy-
cle, Proc. R. Soc. Math. Phys. Eng. Sci., 475, 20190098,
https://doi.org/10.1098/rspa.2019.0098, 2019b.

Hatton, J. E., Hendry, K. R., Hawkings, J. R., Wadham, J. L., Ben-
ning, L. G., Blukis, R., Roddatis, V., Ng, H. C., and Wang,
T.: Physical weathering by glaciers enhances silicon mobilisa-
tion and isotopic fractionation, Geochem. Perspect. Lett., 7–12,
https://doi.org/10.7185/geochemlet.2126, 2021.

Hatton, J. E., Ng, H. C., Meire, L., Woodward, E. M. S., Leng, M.
J., Coath, C. D., Stuart-Lee, A., Wang, T., Annett, A. L., and
Hendry, K. R.: Silicon Isotopes Highlight the Role of Glaciated
Fjords in Modifying Coastal Waters, J. Geophys. Res.-Biogeo.,
128, https://doi.org/10.1029/2022jg007242, 2023.

Hawkings, J. R., Wadham, J. L., Benning, L. G., Hendry, K. R.,
Tranter, M., Tedstone, A., Nienow, P., and Raiswell, R.: Ice
sheets as a missing source of silica to the polar oceans, Nat. Com-
mun., 8, https://doi.org/10.1038/ncomms14198, 2017.

Hawkings, J. R., Hatton, J. E., Hendry, K. R., De Souza, G. F., Wad-
ham, J. L., Ivanovic, R., Kohler, T. J., Stibal, M., Beaton, A.,
Lamarche-Gagnon, G., Tedstone, A., Hain, M. P., Bagshaw, E.,
Pike, J., and Tranter, M.: The silicon cycle impacted by past ice
sheets, Nat. Commun., 9, https://doi.org/10.1038/s41467-018-
05689-1, 2018.

Hendry, K. R. and Robinson, L. F.: The relationship be-
tween silicon isotope fractionation in sponges and sili-
cic acid concentration: Modern and core-top studies of
biogenic opal, Geochim. Cosmochim. Acta, 81, 1–12,
https://doi.org/10.1016/j.gca.2011.12.010, 2012.

Hendry, K. R., Georg, R. B., Rickaby, R. E. M., Robinson,
L. F., and Halliday, A. N.: Deep ocean nutrients during the
Last Glacial Maximum deduced from sponge silicon iso-
topic compositions, Earth Planet. Sci. Lett., 292, 290–300,
https://doi.org/10.1016/j.epsl.2010.02.005, 2010.

Hendry, K. R., Swann, G. E. A., Leng, M. J., Sloane, H.
J., Goodwin, C., Berman, J., and Maldonado, M.: Techni-
cal Note: Silica stable isotopes and silicification in a carnivo-
rous sponge Asbestopluma sp., Biogeosciences, 12, 3489–3498,
https://doi.org/10.5194/bg-12-3489-2015, 2015.

Hendry, K. R., Marron, A. O., Vincent, F., Conley, D. J., Gehlen,
M., Ibarbalz, F. M., Quéguiner, B., and Bowler, C.: Competition
between Silicifiers and Non-silicifiers in the Past and Present
Ocean and Its Evolutionary Impacts, Front. Mar. Sci., 5, 22,
https://doi.org/10.3389/fmars.2018.00022, 2018.

Hendry, K. R., Sales De Freitas, F., Arndt, S., Beaton, A., Friberg,
L., Hatton, J. E., Hawkings, J. R., Jones, R. L., Krause, J.
W., Meire, L., Ng, H. C., Pryer, H., Tingey, S., Van De
Velde, S. J., Wadham, J., Wang, T., and Woodward, E. M.
S.: Insights into silicon cycling from ice sheet to coastal
ocean from isotope geochemistry, Commun. Earth Environ., 6,
https://doi.org/10.1038/s43247-025-02264-7, 2025.

Heneghan, R. F., Holloway-Brown, J., Gasol, J. M., Herndl, G.
J., Morán, X. A. G., and Galbraith, E. D.: The global distribu-

tion and climate resilience of marine heterotrophic prokaryotes,
Nat. Commun., 15, https://doi.org/10.1038/s41467-024-50635-z,
2024.

Henriksen, P., Knipschildt, F., Moestrup, Ø., and Thomsen, H.
A.: Autecology, life history and toxicology of the silicoflagel-
late Dictyocha speculum (Silicoflagellata, Dictyochophyceae),
Phycologia, 32, 29–39, https://doi.org/10.2216/i0031-8884-32-
1-29.1, 1993.

Herman, P. M. J., Hemminga, M. A., Nienhuis, P. H., Verschuure,
J. M., and Wessel, E. G. J.: Wax and wane of eelgrass Zostera
marina and water column silicon levels, Mar. Ecol. Prog. Ser.,
144, 303–307, https://doi.org/10.3354/meps144303, 1996.

Hernández-Almeida, I., Cortese, G., Yu, P. -S., Chen, M.
-T., and Kucera, M.: Environmental determinants of
radiolarian assemblages in the western Pacific since
the last deglaciation, Paleoceanography, 32, 830–847,
https://doi.org/10.1002/2017PA003159, 2017.

Hernández-Becerril, D. U. and Bravo-Sierra, E.: Planktonic Sil-
icoflagellates (Dictyochophyceae) from the Mexican Pacific
Ocean, Bot. Mar., 44, https://doi.org/10.1515/bot.2001.050,
2001.

Hervé, V., Derr, J., Douady, S., Quinet, M., Moisan, L., and Lopez,
P. J.: Multiparametric Analyses Reveal the pH-Dependence of
Silicon Biomineralization in Diatoms, PLOS ONE, 7, e46722,
https://doi.org/10.1371/journal.pone.0046722, 2012.

Hiebert, T. C., Thompson, A. W., and Sutherland, K. R.: Diverse
microbial prey in the guts of gelatinous grazers revealed by mi-
croscopy, Mar. Biol., 172, https://doi.org/10.1007/s00227-025-
04615-6, 2025.

Hildebrand, M. and Lerch, S. J. L.: Diatom silica biomin-
eralization: Parallel development of approaches and
understanding, Semin. Cell Dev. Biol., 46, 27–35,
https://doi.org/10.1016/j.semcdb.2015.06.007, 2015.

Hildebrand, M., Volcani, B. E., Gassmann, W., and Schroeder, J.
I.: A gene family of silicon transporters, Nature, 385, 688–689,
https://doi.org/10.1038/385688b0, 1997.

Hildebrand, M., Lerch, S. J. L., and Shrestha, R. P.: Understanding
Diatom Cell Wall Silicification–Moving Forward, Front. Mar.
Sci., 5, https://doi.org/10.3389/fmars.2018.00125, 2018.

Hirota, R., Hata, Y., Ikeda, T., Ishida, T., and Kuroda, A.: The Sil-
icon Layer Supports Acid Resistance of Bacillus cereus Spores,
J. Bacteriol., 192, 111–116, https://doi.org/10.1128/jb.00954-09,
2010.

Hobbie, J. E., Daley, R. J., and Jasper, S.: Use of nucle-
pore filters for counting bacteria by fluorescence mi-
croscopy, Appl. Environ. Microbiol., 33, 1225–1228,
https://doi.org/10.1128/aem.33.5.1225-1228.1977, 1977.

Hodell, D. A., Kanfoush, S. L., Shemesh, A., Crosta, X., Charles,
C. D., and Guilderson, T. P.: Abrupt Cooling of Antarctic Surface
Waters and Sea Ice Expansion in the South Atlantic Sector of the
Southern Ocean at 5000 cal yr B.P., Quat. Res., 56, 191–198,
https://doi.org/10.1006/qres.2001.2252, 2001.

Hodson, M. J., White, P. J., Mead, A., and Broadley, M. R.: Phy-
logenetic Variation in the Silicon Composition of Plants, Ann.
Bot., 96, 1027–1046, https://doi.org/10.1093/aob/mci255, 2005.

Hong, W.-L., Sun, X., Torres, M. E., Huang, T.-H., and
Pickering, R. A.: The role of silicate alteration in regu-
lating marine carbon cycling, Chem. Geol., 684, 122769,
https://doi.org/10.1016/j.chemgeo.2025.122769, 2025.

Ocean Sci., 21, 3427–3470, 2025 https://doi.org/10.5194/os-21-3427-2025

https://doi.org/10.1016/j.gca.2018.12.033
https://doi.org/10.1098/rspa.2019.0098
https://doi.org/10.7185/geochemlet.2126
https://doi.org/10.1029/2022jg007242
https://doi.org/10.1038/ncomms14198
https://doi.org/10.1038/s41467-018-05689-1
https://doi.org/10.1038/s41467-018-05689-1
https://doi.org/10.1016/j.gca.2011.12.010
https://doi.org/10.1016/j.epsl.2010.02.005
https://doi.org/10.5194/bg-12-3489-2015
https://doi.org/10.3389/fmars.2018.00022
https://doi.org/10.1038/s43247-025-02264-7
https://doi.org/10.1038/s41467-024-50635-z
https://doi.org/10.2216/i0031-8884-32-1-29.1
https://doi.org/10.2216/i0031-8884-32-1-29.1
https://doi.org/10.3354/meps144303
https://doi.org/10.1002/2017PA003159
https://doi.org/10.1515/bot.2001.050
https://doi.org/10.1371/journal.pone.0046722
https://doi.org/10.1007/s00227-025-04615-6
https://doi.org/10.1007/s00227-025-04615-6
https://doi.org/10.1016/j.semcdb.2015.06.007
https://doi.org/10.1038/385688b0
https://doi.org/10.3389/fmars.2018.00125
https://doi.org/10.1128/jb.00954-09
https://doi.org/10.1128/aem.33.5.1225-1228.1977
https://doi.org/10.1006/qres.2001.2252
https://doi.org/10.1093/aob/mci255
https://doi.org/10.1016/j.chemgeo.2025.122769


I. Closset et al.: Silicification in the ocean 3461

Hooper, J. N. A. and Van Soest, R. W. M.: Systema Porifera. A
Guide to the Classification of Sponges, in: Systema Porifera,
Springer US, Boston, MA, 1–7, https://doi.org/10.1007/978-1-
4615-0747-5_1, 2002.

Hopwood, M. J., Carroll, D., Dunse, T., Hodson, A., Holding, J. M.,
Iriarte, J. L., Ribeiro, S., Achterberg, E. P., Cantoni, C., Carlson,
D. F., Chierici, M., Clarke, J. S., Cozzi, S., Fransson, A., Juul-
Pedersen, T., Winding, M. H. S., and Meire, L.: Review article:
How does glacier discharge affect marine biogeochemistry and
primary production in the Arctic?, The Cryosphere, 14, 1347–
1383, https://doi.org/10.5194/tc-14-1347-2020, 2020.

Hopwood, M. J., Carroll, D., Gu, Y., Huang, X., Krause, J.,
Cozzi, S., Cantoni, C., Gastelu Barcena, M. F., Carroll, S., and
Körtzinger, A.: A Close Look at Dissolved Silica Dynamics
in Disko Bay, West Greenland, Glob. Biogeochem. Cycles, 39,
https://doi.org/10.1029/2023gb008080, 2025.

Hou, Y., Baronas, J., Kemeny, P., Bouchez, J., Geirsdóttir, Á.,
Miller, G., and Torres, M.: Glacially enhanced silicate weather-
ing revealed by Holocene lake records, Earth ArXiv [preprint],
https://doi.org/10.31223/X5RM73, 8 February 2025.

Ignatiades, L.: The Relationship of the Seasonality of Sili-
coflagellates to Certain Environmental Factors, Bot. Mar., 13,
https://doi.org/10.1515/botm.1970.13.1.44, 1970.

Iler, R. K.: The chemistry of silica, Solubility, Polymerization, Col-
loid Surf. Prop. Biochem., 866, ISBN 978-0-471-02404-0, 1979.

Inagaki, F., Motomura, Y., and Ogata, S.: Microbial silica deposi-
tion in geothermal hot waters, Appl. Microbiol. Biotechnol., 60,
605–611, https://doi.org/10.1007/s00253-002-1100-y, 2003.

Isson, T. T. and Planavsky, N. J.: Reverse weathering as a long-term
stabilizer of marine pH and planetary climate, Nature, 560, 471–
475, https://doi.org/10.1038/s41586-018-0408-4, 2018.

Iwai, M., Motoyama, I., Lin, W., Takashima, R., Yamada, Y.,
and Eguchi, N.: Diatom and Radiolarian Biostratigraphy in
the Vicinity of the 2011 Tohoku Earthquake Source Fault
in IODP Hole 343-C0019E of JFAST, Isl. Arc, 34, e70009,
https://doi.org/10.1111/iar.70009, 2025.

Jeong, Y. and Lee, J.: Comparative analysis of organelle genomes
provides conflicting evidence between morphological similarity
and phylogenetic relationship in diatoms, Front. Mar. Sci., 10,
https://doi.org/10.3389/fmars.2023.1283893, 2024.

Jewson, D. H.: Size reduction, reproductive strategy and the life
cycle of a centric diatom, Philos. Trans. R. Soc. Lond., 336, 191–
213, https://doi.org/10.1098/rstb.1992.0056, 1997.

Jin, X., Gruber, N., Dunne, J. P., Sarmiento, J. L., and Arm-
strong, R. A.: Diagnosing the contribution of phytoplankton
functional groups to the production and export of particu-
late organic carbon, CaCO3, and opal from global nutrient
and alkalinity distributions, Glob. Biogeochem. Cycles, 20,
https://doi.org/10.1029/2005gb002532, 2006.

Jochem, F. and Babenerd, B.: Naked Dictyocha speculum – a new
type of phytoplankton bloom in the Western Baltic, Mar. Biol.,
103, 373–379, https://doi.org/10.1007/bf00397272, 1989.

Johnson, S. N., Waterman, J. M., Hartley, S. E., Cooke, J., Ryalls,
J. M. W., Lagisz, M., and Nakagawa, S.: Plant Silicon Defences
Suppress Herbivore Performance, but Mode of Feeding Is Key,
Ecol. Lett., 27, e14519, https://doi.org/10.1111/ele.14519, 2024.

Jordan, R. and McCartney, K.: Stephanocha nom. nov., a replace-
ment name for the illegitimate silicoflagellate genus Distephanus
Stöhr., Phytotaxa, 201, 177–187, 2015.

Jumper, J., Evans, R., Pritzel, A., Green, T., Figurnov, M.,
Ronneberger, O., Tunyasuvunakool, K., Bates, R., Žídek, A.,
Potapenko, A., Bridgland, A., Meyer, C., Kohl, S. A. A.,
Ballard, A. J., Cowie, A., Romera-Paredes, B., Nikolov, S.,
Jain, R., Adler, J., Back, T., Petersen, S., Reiman, D., Clancy,
E., Zielinski, M., Steinegger, M., Pacholska, M., Bergham-
mer, T., Bodenstein, S., Silver, D., Vinyals, O., Senior, A. W.,
Kavukcuoglu, K., Kohli, P., and Hassabis, D.: Highly accurate
protein structure prediction with AlphaFold, Nature, 596, 583–
589, https://doi.org/10.1038/s41586-021-03819-2, 2021.
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