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ABSTRACT

Ferromanganese (Fe-Mn) concretions are porous accumulations of iron and manganese (hydr)oxides. While recent studies sug-
gest that microbes contribute to metal accumulation in Baltic Sea concretions, the detailed composition of microbial commu-
nities and their impact on metal enrichment across different concretion morphotypes remain unexplored. We investigated how
microbes influence the accumulation and release of trace metals and rare-earth elements in Fe-Mn concretions from the Gulf
of Finland through 15-week microcosm incubation experiments with biotic and abiotic treatments, focusing on three main con-
cretion morphotypes: crust, discoidal, and spheroidal. Elemental analysis showed that microbes enhanced metal incorporation
in discoidal and spheroidal morphotypes. Characterisation of microbial composition revealed that all three morphologies host
distinct communities. Discoidal and spheroidal morphotypes had a higher relative abundance of Gammaproteobacteria and
sulfate-reducing bacteria, and a lower abundance of Entotheonellaeota, compared to crusts. In all morphotypes, the bacterial
phylum Pseudomonadota dominated, with several genera of Fe- and Mn-oxidisers and reducers. Fe-Mn concretions also host
communities involved in methane oxidation and nitrogen cycling, consistent with decreased methane and increased nitrous
oxide, nitrite, and nitrate concentrations in the microcosms. Our findings underscore that distinct microbial communities are
associated with different concretion morphotypes, potentially influencing nutrient and metal cycling on the seafloor.

1 | Introduction

Ferromanganese (Fe-Mn) concretions are mineral precipitates
composed primarily of iron and manganese (hydr)oxides that
form on the seafloor. They are common in freshwater and ma-
rine shelf environments, as well as oceans, where they are typ-
ically called nodules (e.g., Hein and Koschinsky 2014; Margolis
and Burns 1976). Fe-Mn concretions can reach high abundances
in shelf seas, such as the brackish-water Baltic Sea in northern
Europe. In Finnish sea areas of the northern Baltic Sea, Fe-Mn
concretion fields are estimated to cover over 11% of the seafloor

and occur in patchy patterns (Kaikkonen et al. 2019). Reported
abundances of Fe-Mn concretions range from 18 to 24kgm=2in
the Gulf of Finland, with the highest values observed in the east-
ern part of the gulf (Glasby et al. 1997). On the seafloor, Fe-Mn
concretions are recognised as a habitat type (HELCOM 2013).
They increase habitat complexity by forming porous, hard sub-
strates on otherwise soft seabeds and thereby support a higher
diversity of benthic life (Vanreusel et al. 2016). Fe-Mn concre-
tions have attracted scientific interest, as they provide habitats
for diverse microbial communities (Yli-Hemminki et al. 2014),
accumulate phosphorus, economically valuable metals, and
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rare-earth elements (REEs) (Zhamoida et al. 2017; Baturin 2009;
Hlawatsch, Garbe-Schonberg, et al. 2002; Wasiljeff, Yu,
et al. 2025), and preserve high-resolution records of past geo-
chemical and oceanographic conditions (Wasiljeff, Lahaye,
et al. 2025). Understanding metal accumulation processes and
how microbes contribute to them is crucial to elucidating their
role in seafloor metal cycling.

The formation of concretions is a biogeochemical process in
which dissolved Fe and Mn in seawater and porewater are
oxidised and precipitate as Fe and Mn (oxyhydr)oxides on the
seafloor. The formation process can occur in seafloor areas
where conditions are predominantly oxic and where little or
no net sediment deposition occurs. Such conditions are com-
monly met at locations where silty clays from the previous
lacustrine phase of the Baltic Sea Basin are exposed on the sea-
floor (Winterhalter 2004; Zhamoida et al. 2017). The primary
sources of Fe and Mn to the sites of concretion formation are
riverine influx (Winterhalter 2004) and the reductive dissolu-
tion of Mn and Fe hydroxides in the underlying lacustrine sedi-
ments and their upward diffusion in the porewater (Widerlund
and Ingri 1996; Virtasalo and Kotilainen 2008), supplemented
by benthic efflux and lateral transport from nearby suboxic—
anoxic small depressions (Hlawatsch, Neumann, et al. 2002;
Winterhalter 2004; Pakhomova et al. 2007). Furthermore,
Fe-Mn concretions are occasionally covered with an organic-
rich “fluffy’ mud layer that provides Fe and Mn (Hlawatsch,
Neumann, et al. 2002; Wasiljeff, Yu, et al. 2025), and detrital
minerals, which are incorporated and redistributed within the
Fe-Mn concretions (Wasiljeff, Yu, et al. 2025). The concretions
exhibit various shapes such as flat crusts, small buckshot-
like discoidal, spheroidal, and irregular forms (Zhamoida
et al. 2017), but these shapes can be classified into three main
morphologies in the Gulf of Finland: crusts, discoidal, and sphe-
roidal, with diameters ranging from a few to several centimetres
(Winterhalter 2004; Glasby et al. 1997; Zhamoida et al. 1996;
Wasiljeff et al. 2024). The specific morphotype in which a con-
cretion forms is influenced by the hydrodynamics, redox fluc-
tuations and sediment depositional conditions on the seafloor
(e.g., Wasiljeff, Yu, et al. 2025; Winterhalter 2004; Zhamoida
et al. 1996).

In addition to Fe and Mn, concretions incorporate a wide range of
other metals, such as Co, Ni, V, Zn, Mo, Al, Cr, Cu, Pb, and Li, as
well as REEs (Zhamoida et al. 1996; Baturin 2009; Wasiljeff, Yu,
et al. 2025), and are recognised as potential sources for Earth's
critical minerals. Moreover, concretions accumulate phospho-
rus, serving as natural filters for P on the seafloor (Zhamoida
et al. 2017). Conversely, during anoxia, P can be released from
Fe-Mn concretions in the water column, thereby forming a tem-
poral source of bioavailable P (Yli-Hemminki et al. 2016). Fe-Mn
concretions have a notably high growth rate in the Baltic Sea re-
gion, estimated at the range 0of 0.001 to 0.08 mm/year (Majamaki
et al. 2025; Zhamoida et al. 1996; Grigoriev et al. 2013; Liebetrau
et al. 2002), compared to the rate of 1-5mm per million years
documented for oceanic ferromanganese nodules (e.g., Hein
and Koschinsky 2014). The rapid growth of Baltic Sea concre-
tions results from enhanced microbial activity within concre-
tions, which promotes metal capture (e.g., Majamiki et al. 2025;
Yli-Hemminki et al. 2014; Zhang et al. 2002; Sujith et al. 2017).
Previous studies based on the 16S rRNA gene sequencing have

shown that spheroidal and crust Fe-Mn concretions in the
Baltic Sea are predominantly inhabited by species from phy-
lum Pseudomonadota (previously Proteobacteria), with many
Mn- and Fe-oxidisers and reducers, indicating their potential
role in regulating the metal cycling within concretions with
oxidative and reductive metabolism (Yli-Hemminki et al. 2014;
Reunamo et al. 2017). Furthermore, Nitrospira was identified
from Baltic Sea concretions, suggesting their potential role in
nitrification (Yli-Hemminki et al. 2014; Reunamo et al. 2017).
Communities obtained from the Baltic Sea region resemble
those from deep-sea nodules, sharing also a high abundance of
Fe- and Mn-oxidisers and reducers (e.g., Blothe et al. 2015; Tully
and Heidelberg 2013; Molari et al. 2020; Lindh et al. 2017). On
the deep-sea seafloor, microbial communities in nodules differ
from those in the surrounding sediments suggesting that nod-
ules serve as specific ecological niches for microbes and there
are variations in metabolic potential between nodules and the
environment surrounding them (Blothe et al. 2015; Tully and
Heidelberg 2013; Molari et al. 2020).

In our previous study, we conducted a 12-week pioneering mi-
crocosm incubation experiment, which demonstrated that mi-
crobial communities enhance metal accumulation in Fe-Mn
concretions (Majaméki et al. 2025). In this study, we conducted
a 15-week microcosm experiment to enable a more detailed
analysis of the metal and REE accumulation and, for the first
time, to characterise the microbial community composition
across three main Fe-Mn concretion morphotypes in the Gulf
of Finland: crust, discoidal, and spheroidal. Our aims were to (1)
understand the influence of microbial activity across different
Fe-Mn concretion morphotypes in the incorporation and release
of trace metals and rare-earth elements, using biotic and abiotic
treatments, and (2) to characterise the microbial community
composition across different concretion morphotypes, using
metatranscriptomics for active populations and metagenomics
for both active and dormant communities.

Building upon previous work (Majaméiki et al. 2025), we hy-
pothesise that microbial activity will enhance metal and REE
accumulation in Fe-Mn concretions, with strongest effect oc-
curring in spheroidal and discoidal morphotypes. We predict
that Fe-Mn concretions are hosted by diverse microbial popu-
lations, including active Fe- and Mn-oxidisers that may contrib-
ute to metal enrichment. We further hypothesise that microbial
activity will be reflected in increased carbon dioxide produc-
tion, decreased oxygen concentrations, and decreased methane
concentrations in microcosms due to methanotrophic activity,
which will be supported by microbial community composition
data. In contrast, we do not have a clear prediction for nitrous
oxide production since both denitrification and nitrification
could occur during the experiment.

2 | Materials and Methods

2.1 | Study Sites and Collection of Fluffy Mud,
Fe-Mn Concretion, and Sediment Samples

Sediment core samples from the northern Gulf of Finland, with
ferromanganese concretions on the surface, were collected
using a box core sampler (20X 20cm surface area) during two
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expeditions in May 2023 (Figure 1 and Table 1). The expeditions
revisited the three sites that were previously studied in a mi-
crocosm incubation experiment (Majamaéki et al. 2025), which
were known to contain three main concretion morphologies in
the region: crust, discoidal, and spheroidal. Before sampling, the
seafloor coverage of the concretions was confirmed with an un-
derwater video camera. Water column profiles of temperature,
salinity, and dissolved oxygen (DO) concentration were mea-
sured using a Sea & Sun Technology 90M multiprobe at each
sampling site. The pH of seawater was measured on board from

\ ESTONIA

water samples collected at 30m using a Limnos water sampler,
the maximum depth accessible with this equipment.

For intrinsic microbial community composition analysis,
triplicate samples of surface mud layer (fluffy), Fe-Mn con-
cretions, and surface sediment were immediately collected
into Whirl-Pak plastic bags (Nasco) from the sediment core
and placed on dry ice (Figure 2). The concretions were first
rinsed with filtered (pore size 0.22 um, polyethersulfone mem-
brane) seawater, collected from a depth of 30 m, to remove any

FINLAND

Depth N

0
M. A

FIGURE1 | Bathymetric map of the Baltic Sea and Gulf of Finland with the study sites 1, 2, and 3 indicated. MB, Mecklenburg Bight. Base map:
ESRI Inc. (Redlands) Ocean Basemap 2018. Baltic Sea bathymetric data: EMODnet Bathymetry 2018 (Thierry et al. 2019).

TABLE1 | Locations of study sites and the morphotype of ferromanganese concretions collected from the Gulf of Finland.

Latitude N Latitude E Concretion
Site Sediment core ID (WGS84) (WGS84) Date Water depth (m) morphotype
1 MGBC-2023-1 59°57.941' 24°46.718’ 11 May 2023 42 Crust
2 MGBC-2023-3 60°05.493’ 25°57.789' 22 May 2023 30 Discoidal
3 MGBC-2023-2 60°11.483’ 26°01.895’ 22 May 2023 42 Spheroidal
» o Analysis of PO, Tot-N,
and NO3+NO; from
in.cu_batilor! solution of
— 4 — — biotic triplicates
15-week > ENIE E) = « Analysis of precipitated
. (+3.5 °C, dark, 100 rpm) # 3 = material on incubation
Collection of bottle surfaces (ICP-MS)
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2 Sl «— Sampling control
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|
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community composition analysis

Biotic triplicates
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Active (RNA) and total (DNA) microbial
community composition analysis from Fe-Mn
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FIGURE2 | Samplingdesign and workflow for the microcosm experiment for each Fe-Mn concretion morphotype: crust, discoidal and spheroidal.
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excess fluffy mud and sediment. Filters were collected into
plastic bags and placed on dry ice. During the 2022 expedi-
tions (Majamiki et al. 2025), triplicate fluffy mud and surface
sediment samples, and one Fe-Mn concretions sample, were
collected from each site. The plastic bags containing the sam-
ples were kept on dry ice onboard the research vessel and then
stored at the —80°C freezer for nucleic acid extraction at the
end of each expedition.

Microcosms for incubation experiments were prepared as de-
scribed in Majamiki et al. (2025). Briefly, 130 mL of autoclaved
artificial brackish seawater with a composition similar to water
in the Gulf of Finland (salinity 4.7, Yli-Hemminki et al. 2014;
prepared before sampling; Table S1) was added into 250mL
glass bottles. Deviating from Majamaki et al. (2025), the con-
centrations of Fe and Mn were increased 30-fold (Table S1) to
enhance ferromanganese precipitation. The initial pH of the
artificial seawater was measured. All bottles and tools were
acid-washed and autoclaved prior to the experiment. Spoons
and tweezers used for sampling were cleaned with 70% ethanol
between samples. The crust concretions were broken down into
smaller pieces to fit into the bottles, whereas three to four in-
dividual discoidal and spheroidal concretions were placed into
each bottle. The glass bottles containing the concretions were
stored in the dark at +8°C onboard the r/v Geomari and then
transported directly to the GTK laboratory in Espoo at the end of
each expedition. Bottles with Fe-Mn concretions were weighed
and then placed in sample storage at +3.5°C for the start of incu-
bation experiments.

2.2 | Incubation Experiments

The microcosm incubation experiments were conducted as de-
scribed in Majamaki et al. (2025). Briefly, each incubation ex-
periment was conducted using bottles capped with rubber septa:
three biotic microcosm bottles (biotic triplicates) and one abi-
otic control (Figure 2). Parallel incubation experiments were
performed for each concretion morphotype. Deviating from
Majamiki et al. (2025), a final concentration of 50mM sodium
azide (NaN,) was added to the abiotic controls (15mM was used
in Majamaéki et al. 2025) to eliminate microbial activity (Cabrol
et al. 2017; Sujith et al. 2017), and the incubation time was ex-
tended to 15weeks (12weeks in Majamaki et al. 2025). To sim-
ulate seafloor conditions, all microcosms were incubated in
the dark at +3.5°C in an orbital shaker at 100rpm. Biotic trip-
licates and abiotic control were sacrificed 1day after sampling
(0-week) and after 15weeks of incubation (15-week). Headspace
gas samples were collected in duplicates into pre-evacuated
8 mL Exetainer tubes (Labco, UK) through rubber septa using a
needle and syringe, and concentrations of carbon dioxide (CO,),
methane (CH,), nitrous oxide (N,0), and oxygen (O,) were mea-
sured as described in Section 2.3. Concentrations of dissolved
phosphorus, metals, and rare earth elements (REEs) in the incu-
bation solutions were analysed as described in Section 2.3. These
elements were also analysed from the material precipitated on
the inner walls of the bottles in 15-week microcosms, described
in Section 2.3. Concretions were collected from microcosms
into Whirl-Pak plastic bags using flame-sterilised and cooled
tweezers, flash-frozen on dry ice, and stored in the —80°C for
nucleic acid extraction (Section 2.4). Concretions were collected

and stored similarly from bottles in the microcosm experiment
in 2022 for nucleic acid extraction (Majamiki et al. 2025). The
pH of the incubation solution was measured. From the 15-week
biotic triplicates, phosphate (PO,*"), total nitrogen (Tot-N), and
nitrate and nitrite (NO,~+NO,~) concentrations were analysed
from the incubation solution as described in Section 2.3.

2.3 | Gas Concentration Measurements
and Geochemical Analysis

Headspace gas concentrations were measured using a custom
gas chromatography system Agilent 7890B (Soinne et al. 2021).
Sample separation was conducted using a combination of three
Hayesep Q 80/100 (Unimetal) and one HP-Molsieve Plot column
(Soinne et al. 2021). Gases were measured using thermal con-
ductivity (0,, CO,), flame ionisation (CH,), or electron capture
(N,0) detectors. Detection limits were 50 ppm for CO,, 0.2 ppm
for CH,, 0.03 ppm for N,0, and 20 ppm for O,.

To assess the metal concentrations in the incubation solu-
tion, 100mL of solution from each bottle was filtered through
a 0.2um cellulose acetate filter and stored at 4+3.5°C in plastic
bottles containing a final concentration of 4.5% (v/v) nitric acid
(HNO,) until analysis. Additionally, 100mL of artificial seawa-
ter (as described above) was stored in a plastic bottle to obtain
the initial composition of the incubation solution. To assess the
metal concentrations that were precipitated on the inner walls
of incubation bottles, the 15-week microcosms were emptied en-
tirely and rinsed several times with deionised water to remove
excess Fe-Mn concretion residues. Five millilitres of 10% HNO,
was added to the bottles, and the acid was heated at +60°C for
24h to release any precipitated material from the bottle walls.
The next day, acid was collected into test tubes, and the bottles
were rinsed with 5mL of MQ water three times. The rinsed water
was added to the test tube containing the acid, resulting in a
10mL solution with a final concentration of 5% (v/v) HNO,. The
test tubes were stored at +3.5°C until analysis. Solutions were
measured at the Hellabs laboratory of University of Helsinki,
Finland, using an Agilent 8900 triple quadrupole ICP-MS (ICP-
QQQ) system to assess the trace element (non-REE) concentra-
tions of P, Mn, Fe Co, Ni, V, Zn, Mo, Al, Cr, Cu, Pb, and Li, and
REE concentrations of La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Y,
Ho, Er, Yb and Lu. The original trace element concentrations
(Table S4) were normalised to the measured concentrations of
artificial seawater (Figure 5, lower panels; Tables S2 and S5). The
concentration differences were calculated as relative changes by
subtracting the 0-week values from the 15-week values and then
dividing by the 0-week value (Figure 5, upper panels; Table S6).
Original rare earth elements and yttrium (REY) concentrations
(Tables S8 and S10) were normalised to Post-Archean Australian
Shale (PAAS) values (Figure 7; Tables S9 and S11) (Pourmand
et al. 2012). Detection limits for trace elements were (ppb): Al
0.25,P0.06,V 0.01, Cr 0.02, Mn 0.01, Fe 0.08 Co 0.01, Ni 0.02, Cu
0.03, Zn 0.03, Mo 0.03, Pb 0.01, and Li 0.50. Detection limits for
REESs were (ppb): Y 0.113, La 0.001, Ce N/A, Pr N/A, Nd 0.007,
Sm 0.002, Eu 0.004, Gd 0.005, Tb 0.004, Dy 0.002, Ho 0.019, Er
0.002, Yb 0.005, and Lu 0.008.

Toassess PO,*~, Tot-N, and NO,~ + NO, ™ concentrations, 100mL
of incubation solution from each of the 15-week biotic triplicates
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was filtered through a 0.2 um cellulose acetate filter and frozen
at —20°C until analysis. Analysis of the abiotic controls was not
performed because the addition of NaN, influenced the Tot-N
and NO, +NO, results. Solutions were measured at Tvirminne
Zoological Station, University of Helsinki, with a Thermo
Scientific Aquakem 250 analyser using Grasshoff's (1976) and
Koroleff's (1979) methods, modified for an automatic analyser
(Koistinen et al. 2020a, 2020b). The PO 43‘ concentration was
analysed using the traditional antimony-molybdate method
(Koistinen et al. 2020a). Tot-N was analysed through alkaline
K,S,0, oxidation to oxidise inorganic and organic nitrogen
compounds to nitrate, and NO, +NO, concentrations were mea-
sured by reducing nitrate to nitrite with vanadium chloride, and
nitrite was determined using an azo dye (Koistinen et al. 2020b).
Detection limits were 20 ug/L for Tot-N, 1 ug/L for NO,+NO,,
and 1 ug/L for PO .

2.4 | Nucleic Acid Extraction and Purification

Approximately 1g from each concretion and sediment sam-
ple was weighed in duplicate, while duplicates of 0.5g were
weighed from each fluffy sample. Samples were transferred
into 7mL extraction tubes (Omni International) on dry ice,
using flame-sterilised and cooled-down tweezers. Beads from
two Lysing Matrix E tubes (MP Biomedicals) were added to
each tube. Nucleic acids were extracted using the modified
CTAB, phenol-chloroform, and bead-beating protocol (Griffiths
et al. 2000; DeAngelis et al. 2009; Viitamaiki et al. 2022). The
protocol was further modified by adding a sodium pyrophos-
phate buffer in the cell lysis step to enhance nucleic acid desorp-
tion from (hydr)oxides, optimising the protocol for samples with
high metal (hydro)oxide content and low nucleic acid content
(Kallmeyer et al. 2008; Zhang et al. 2008; Muto et al. 2017).

On ice, 1mL of sodium pyrophosphate decahydrate (Na,P,0,
- 10H,0: 0.2M for concretions and 0.1M for sediments, fluffy
and filters), 1 mL of CTAB buffer (10% CTAB in 1M NaCl and
0.5M phosphate buffer in 1M NaCl), and 100uL 0.1 M ammo-
nium aluminium sulfate (NH,(SO,)2 - 12 H,0) were added into
the extraction tubes and vortexed. Then, 1 mL of phenol:chloro-
form:isoamyl alcohol (25:24:1) was added, and the tubes were
bead-beaten with Omni Bead Ruptor 24 with Cryo Cooling Unit
(OMNI International) at +4°C, 5.5ms™! for 30s, followed by
centrifugation for 5Smin. In Fe-Mn concretion samples, a thin,
brownish film remained above the aqueous layer, and they were
therefore re-extracted with phenol by transferring the aqueous
phase into a new Eppendorf tube with 1 volume of phenol:chlo-
roform: isoamyl alcohol (25:24:1), vortexed, and centrifuged for
5min. The aqueous phase was transferred to new Eppendorf
tubes with 1 volume of chloroform, vortexed, and centrifuged
for 5min. Nucleic acids were precipitated with 2 volumes of
PEG6000 (30% in 1.6M NaCl) for 1-2h at room temperature
and centrifuged for 10 min. Pellets containing nucleic acids were
washed with cold 70% ethanol and centrifuged for 5min. Each
sample was extracted twice by adding 1mL CTAB and 0.5mL
sodium pyrophosphate again to the bead-beating tube to maxi-
mise nucleic acid yields. Pellets were dissolved in 25 pL of Buffer
EB and 250 uL Buffer RLT (Qiagen) with 1% (-mercaptoethanol.
All centrifugations were done at +4°C and 16,000g. All steps
were performed using nuclease-free labware, reagents were

treated with 0.1% diethylpyrocarbonate (DEPC), and equip-
ment and surfaces were cleaned with RNase AWAY (Thermo
Scientific) to avoid nucleic acid and RNase contamination.

The DNA and RNA were purified using the AllPrep DNA/
RNA Mini Kit with DNase I treatment (Qiagen). Purified DNA
was stored at —20°C, and RNA at —80°C. RNA concentrations
and RNA integrity number (RIN) were measured using the
Bioanalyzer 2100 Nano/Pico Chip with Prokaryote Total RNA
Assay (Agilent). PCR with universal 16S rRNA gene prim-
ers (pA) forward [5-AGAGTTTGATCCTGGCTCAG-3'] and
(pH) reverse [5-AAGGAGGTGATCCAGCCGCA-3'] (Edwards
et al. 1989) with 20cycles was conducted to confirm that the
RNA was DNA-free. Fluffy samples observed to contain DNA
contamination were DNase-treated a second time using the
AllPrep DNA/RNA Mini Kit with DNase I treatment and then
rechecked by PCR.

2.5 | Library Preparation, Sequencing
and Bioinformatics

DNA from each fluffy, sediment, and Fe-Mn concretion sam-
ple collected immediately after sampling (intrinsic samples)
was pooled. Concentration and quality control measures were
performed at Novogene GmbH (Munich, Germany) prior to
metagenomic DNA library preparation. Shotgun metagenomic
sequencing was performed using the Illumina NovaSeq X Plus
platform with a paired-end, 150-bp read length strategy at
Novogene GmbH.

For RNA samples, duplicates from each extracted sample were
pooled, and complementary DNA (cDNA) libraries were pre-
pared using the NEBNext UltraIT Directional RNA Library kit for
Illumina and NEBNext Multiplex Oligos for Illumina (96 Unique
Dual Index Primer Pairs) (New England Biolabs). Library con-
centrations were measured using a Qubit 4 Fluorometer with the
1X dsDNA High Sensitive/Broad Range Assay Kit (Invitrogen),
and library size and quality were assessed by gel electrophore-
sis. Libraries with low concentrations (< 1 ug/uL) and those con-
taining small cDNA fragments (~80bp for primers or ~128 bp for
adaptor-dimer) were disqualified and not included in the pooled
library for sequencing. The pooled library was sequenced using
the Illumina NovaSeq X Plus platform with a paired-end, 150-bp
read length strategy at Novogene GmbH.

Metagenomic raw sequence data was trimmed at Novogene
GmbH by removing reads containing adapters, reads with
N>10%, and reads in which more than 50% of the total bases
contained low-quality bases (Qscore <5). Metatranscriptomic
raw sequence data was trimmed from adapters, short reads, and
low-quality reads using Cutadapt v. 4.9 (Martin 2011), with a
minimum read length set to 50bp and the nextseq-trim option
set to 20. Sequence quality was assessed using FastQC v. 0.11.9
(Andrews 2010) and MultiQC v. 1.19 (Ewels et al. 2016) before
and after trimming.

For trimmed metagenomic and metatranscriptomic data,
Phyloflash v. 3.4.2 (Gruber-Vodicka et al. 2020), with the SILVA
SSURef NR99 database release 138.2 (Quast et al. 2013), was
used for taxonomic classification of SSU rRNA sequences and
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for identification of microbial community composition. An error
in SILVA release 138.2 was fixed by changing the incorrect
genus name, Candidatus Nitrosoarchaeum, to Incertae Sedis in
the SAR324 clade (Marine group B) bacterial phylum.

2.6 | Statistical Analysis

Data visualisation and statistical calculations were done using R
(R Core Team 2025, version 4.5.1) in RStudio, using the follow-
ing packages: tidyr (v. 1.3.1, Wickham et al. 2024), dplyr (v. 1.1.4,
Wickham et al. 2023), ggplot2 (v. 4.0.0, Wickham 2016), phyloseq
(v. 1.46.0, McMurdie and Holmes 2013), RColorBrewer (v. 1.1-3,
Neuwirth 2022), car (v. 3.1.5, Fox and Weisberg 2019), rstatix (v.
0.7.3, Kassambara 2025), forcats v. 1.0.1 (Wickham 2025), vegan
v.2.1-1 (Oksanen et al. 2025), ggrepel v. 0.6.6 (Slowikowski 2024),
and cowplotv. 1.2.0 (Wilke 2025). For stacked barplots (Figures 9
and 11), raw sequence counts were converted to relative abun-
dances by dividing the count of each taxon by the total counts
per sample. Phylum-level counts were summed across all sam-
ples, and the 15 phyla with the highest total counts were selected
for visualisation. For the heatmap (Figure 12), raw sequence
counts were first converted to relative abundances and further
square-root transformed (Hellinger transformation). Counts
were summed across all samples, and the 70 most abundant gen-
era were selected for visualisation. Eukaryota were included in
the domain-level visualisation (Figure 9, upper panel) but were
excluded from the phylum-level analysis (Figure 9, lower panel;
Figure 11) and the heatmap visualisation (Figure 12) to keep
focus on archaea and bacteria that are expected to contribute
most to metal-cycling processes. Genera with uncertain classi-
fication (Incertae Sedis) were changed to NA prior to plotting
the heatmap.

Principal coordinate analysis (PCoA) was performed using
Bray—Curtis distances calculated from relative abundances of
raw sequence counts (Figures 10 and 13). Differences in com-
munity composition across sites/morphotypes (Figure 13; crust,
discoidal, and spheroidal) and environments (Figure 10; Fe-Mn
concretions, fluffy mud, sediment) were tested using permuta-
tional multivariate analysis of variance (PERMANOVA) based
on Bray-Curtis distances with the adonis2 function in vegan
(Oksanen et al. 2025). Eukaryota were included in the PCoA of
community composition across environments (Figure 10) but
were excluded from the PCoA across different sites/morpho-
types (Figure 13) to keep focus on archaea and bacteria that are
expected to contribute most to metal-cycling processes. Pairwise
comparisons between sites and environments were performed,
and the proportion of variance explained by each factor was
quantified using the PERMANOVA R? statistic, and statistical
significance was assessed using permutation-based (999) p val-
ues. p values were adjusted using the Benjamini-Hochberg (BH)
method. The threshold for statistical significance was defined
as adjusted p<0.05. Sample sizes among each tested site/mor-
photype were n=6, except for the 2022 site 3 (spheroidal) RNA-
derived samples, where n=35. Sample sizes among each tested
environment were: in 2023, fluffy (n=12), sediment (n=7), and
concretion (n=12), and in 2022, fluffy (n =12), sediment (n=3),
and concretion (n=6). Homogeneity of multivariate dispersion
was assessed using the betadisper function in vegan (Oksanen
et al. 2025) and significance using permutation testing.

Arrows representing elemental vectors were fitted onto the
PCoA ordinations using the envfit function in vegan (Oksanen
et al. 2025) to visualise correlations between elemental con-
centrations and community composition (Figure 13). Element
concentrations were first normalised to measured values of arti-
ficial seawater (Table S2) and then log, -transformed to reduce
skewness. The strength of each correlation (R?) and its statistical
significance were assessed using permutation tests included in
envfit (999 permutations), with p values adjusted using the BH
method. The threshold for statistical significance was defined as
adjusted p <0.05.

Shannon diversity (H’) was calculated for each sample using
the estimate_richness function in phyloseq (McMurdie and
Holmes 2013). Differences in Shannon diversity between sites/
morphotypes (crust, discoidal, and spheroidal) and environ-
ments (Fe-Mn concretions, fluffy mud, and sediment) were
tested using one-way analysis of variance (ANOVA) with Tukey's
HSD post hoc test. Normality of residuals was assessed using the
Shapiro-Wilk test, and homogeneity of variances was assessed
using Levene's test in the car package (Fox and Weisberg 2019).
Levene's test was violated for the ANOVA results in Fe-Mn
concretion samples collected from the incubation experiment
in 2022, and therefore, Welch's ANOVA followed by Games—
Howell post hoc test in the rstatix package (Kassambara 2025)
was used instead. Sample sizes among each tested site/morpho-
type were n =12, except for the 2022 site 3, where n=11. Sample
sizes among each tested environment were: in 2023, fluffy
(n=12), sediment (n=7), and concretion (n=12), and in 2022
fluffy (n=12), sediment (n=3), and concretion (n==6). Results
are presented as mean + SD. The threshold for statistical signifi-
cance was defined as adjusted p <0.05.

3 | Results

3.1 | Water-Column Profiles and Occurrence
of Fe-Mn Concretions at Sampling Sites

At all three sampling sites, seawater temperature and dissolved
oxygen (DO) concentration decreased with depth, while salin-
ity increased (Figure 3). At site 1, the bottom temperature was
+2.8°C, and DO was 8.5mL/L. The salinity at the bottom was
6.9. At site 2, the bottom temperature was +2.3°C, with a DO of
8.9mL/L and salinity of 5.8. At site 3, the bottom temperature
was +2.8°C, DO was 6.3mL/L, and salinity was 6.7. The seawa-
ter pH values at the 30m depth were 7.5, 7.2, and 7.2 at sites 1, 2,
and 3, respectively.

Fe-Mn concretions were present on the surface of each sediment
core (Figure 3). At site 1, the concretions had a crust-type mor-
phology, whereas at site 2, they were discoidal. At site 3, both
discoidal and spheroidal concretions were present. Brownish,
organic-rich ‘fluffy’ mud covered the concretions. The sediment
underlying the concretions was grey glaciolacustrine rhyth-
mite silt and clay at site 1. At site 2, there was a 3-cm layer of
Fe-monosulphide darkened fine sand beneath the concretions,
which was underlain by grey glaciolacustrine rhythmite silt and
clay. At site 3, the underlying sediment was Fe-monosulphide
banded grey postglacial lacustrine silty clay (sediment identifi-
cation follows Virtasalo et al. 2007, 2014).
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FIGURE 3 | Vertical water-column profiles of temperature, DO concentration, and salinity and photos of sediment cores with ferromanganese

concretions on their surface from three study sites in the Gulf of Finland. Site 1 was characterised by crust concretions, site 2 by discoidal concretions,
and site 3 by discoidal and spheroidal concretions. Only spheroidal concretions were collected from site 3.

3.2 | Microcosm Solution pH and the Headspace
Gas Concentrations

The mean weight for site 1 (crust) Fe-Mn concretions was 17.4 g
(£2.6) in 0-week bottles, and 17.9 g (£1.3) in 15-week bottles.
For site 2 (discoidal), the mean weight was 24.0g (+1.1) in 0-
week and 17.8 g (£0.9) in 15-week. For site 3 (spheroidal), the
mean weight was 26.8 g (£2.3) in 0-week and 25.2g (+2.6) in
15-week.

The artificial brackish seawater (Yli-Hemminki et al. 2014;
Table S1) had an initial pH of 7.0. In microcosms, the mean
pH of the incubation solution ranged from 6.3 to 7.1 in biotic

triplicates and from 6.9 to 7.3 in abiotic controls during 15-week
of incubation (Table 2). In site 1 microcosms, both in the bi-
otic triplicates and the abiotic control, the mean pH remained
constant before and after 15weeks of incubation. In site 2, the
mean pH increased by 0.6 units in the biotic triplicates and by
0.2units in the abiotic control. In site 3 microcosms, the mean
pH increased by 0.8 units in the biotic triplicates and by 0.2 units
in the abiotic control.

Headspace CO, concentrations increased strongly in bi-
otic triplicates from all sites during 15weeks of incubation
(Figure 4a and Table S3). In abiotic controls, a much smaller
increase was observed. In site 1, CO, concentration increased
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TABLE 2 | The pH values of the incubation solutions from biotic triplicates and abiotic controls at the beginning (Oweek) and the end (15weeks)

of the experiment.

Site 1 (crust) Site 2 (discoidal) Site 3 (spheroidal)
Biotic triplicates 0-week 15-week 0-week 15-week 0-week 15-week
A 6.6 6.9 6.5 7.2 6.2 7.2
B 6.7 6.8 6.4 6.9 6.3 7.1
C 7.1 6.7 6.4 6.8 6.3 6.9
Mean (std) 6.8 (+0.2) 6.8 (+0.1) 6.4 (+0.0) 7.0 (£0.2) 6.3 (£0.1) 7.1 (£0.1)
Abiotic control 7.1 7.1 7.1 7.3 6.9 7.1

the most, being approximately 5.8 times higher in the 15-week
microcosm (6168 +2153ppm) than in the 0-week microcosm
(1073 £135ppm). In the respective abiotic control, the increase
was 2.3 times higher (1750ppm in the 15-week microcosm;
746 ppm in the 0-week microcosm). In site 2 biotic triplicates,
CO, concentration was 7.7 times higher in the 15-week mi-
crocosm (8839+3696ppm) than in the 0-week microcosm
(1147 +£185ppm). In the respective abiotic control, the con-
centration increased 2.1 times over 15weeks, from 853 ppm to
1776 ppm. In site 3 biotic triplicates, concentration increased
9.4 times in the 15-week microcosm (10,821 £ 7207 ppm) com-
pared to the 0-week microcosm (1153 +71ppm). In one biotic
replicate, exceptionally high CO, production was observed in
the headspace of the 0-week bottle (37,328 ppm), and this result
is illustrated as a dashed bar in Figure 4a. This outlier replicate
was excluded from the CO, analyses. In abiotic control, the con-
centration was 2.7 times higher after 15weeks (2120 ppm) than
at Oweeks (790 ppm).

Headspace O, concentrations decreased in biotic triplicates
but remained nearly unchanged in abiotic controls in all sites
(Figure 4b and Table S3). In site 1 biotic triplicates, the mean
O, concentration decreased 1.3 times in the 15-week micro-
cosm (158,788 +22,552ppm) compared to the 0-week micro-
cosm (209,469 + 529 ppm). In abiotic control, O, concentration
remained almost unchanged, decreasing from 211,847 ppm
(0-week) to 209,683 ppm (15-week). In site 2 biotic triplicates,
the concentration was 1.2 times lower in the 15-week micro-
cosm (176,382+2590ppm) than in the 0-week microcosm
(208,628 +1596 ppm). In abiotic control, concentration de-
creased from 212,246 to 209,999 ppm. In site 3 biotic triplicates,
O, concentration decreased 1.1 times, from 206,537 & 3292 ppm
(0-week) to 181,914 +3834ppm (15-week). In abiotic controls,
concentration decreased from 212,329 to 209,540 ppm.

Headspace CH, concentrations decreased in biotic triplicates in
all sites during 15weeks of incubation (Figure 4c and Table S3),
with the largest decrease observed at sites 1 and 2. In abiotic
controls, changes in CH, concentrations were not observed be-
cause they were below the detection limit. In site 1 biotic tripli-
cates, the mean CH, concentration was approximately 3.2 times
lower in the 15-week microcosm (0.73 +0.08 ppm) compared to
the 0-week microcosm (2.34+0.08 ppm). In site 2 biotic tripli-
cates, the concentration was 3.1 times lower in the 15-week
microcosm (0.73+0.06 ppm) than in the respective 0-week mi-
crocosm (2.27+0.04ppm). In site 3 biotic triplicates, the CH,

concentration decreased 1.6 times, from 2.3 +0.06 ppm (0 week)
to 1.5+ 0.45ppm (15weeks).

The headspace N,O concentrations increased in biotic trip-
licates from all sites after 15weeks of incubation (Figure 4d
and Table S3). The increase was most substantial in site 1 bi-
otic triplicates, where mean NZO concentration increased 10.2
times in the 15-week microcosm (8.47+9.69ppm) compared
to the 0-week microcosm (0.83+0.18 ppm). In site 2, the mean
N,O concentration increased 1.4 times, from 1.21+0.16 ppm
(Oweek) to 1.74+0.28 ppm (15weeks), and in site 3, the con-
centration increased 1.5 times from 0.99+0.07ppm (0week)
to 1.46+0.17 ppm (15weeks). Sodium azide (NaN,), which was
used in abiotic controls, resulted in excessive N,O formation in
the headspace (Hendrix et al. 2019), and results were thus irrel-
evant and excluded from Figure 4d. In site 1, abiotic controls,
N, O concentration increased from 5.7 to 51.3 ppm; in site 2, the
concentration increased from 14.7 to 50.1 ppm; and in site 3, the
increase was from 8.4 to 50.6 ppm.

3.3 | Trace Metal and Rare Earth Element
Concentrations in Microcosms

In site 1 (crust), element concentrations in the microcosm solu-
tion were generally higher in biotic triplicates compared to
abiotic control after 15weeks of incubation (Figure 5a). Only
concentrations of Zn, Mo, Pb, and Li were lower in biotic tripli-
cates than in abiotic control. In biotic triplicates, Fe Co, Ni, Zn,
Al, Cu, and Li concentrations increased, with Cu showing the
strongest increase after the incubation period. Concentrations
of P, Mn, V, Mo, Cr, and Pb decreased in biotic triplicates. In
abiotic controls, Fe Co, Zn, Cu, and Li concentrations increased
in solution after incubation, while P, Mn, Ni, V, Mo, Al, Cr, and
Pb decreased.

In site 2 (discoidal), most element concentrations (Al, V, Mn
Co, Ni, Cu, Zn, Mo) were lower in the solution of biotic tripli-
cates compared to the abiotic control after a 15-week incubation
(Figure 5b). In the biotic triplicates, concentrations of P Co, Ni,
V, Zn, Al, Cu, and Li increased slightly, whereas Fe increased
the strongest. In contrast, Mn, Mo, Cr, and Pb concentrations de-
creased in the biotic triplicates. In the abiotic control, all concen-
trations except Cr and Pb increased. Concentrations of P, Mn,
Ni, V, Mo, and Li showed a slight increase, whereas Fe Co, Zn,
Al, and Cu increased noticeably.
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FIGURE4 | Mean headspace (a) CO,, (b) O,, and (c) CH, concentrations in biotic triplicates (n=3, except for CO, site 3 0-week, where n=2) and
abiotic control (n=1) at the start (0-week) and at the end (15-week) of the experiments. (d) Mean N,O headspace concentrations are presented only
for biotic triplicates (n=3) at 0-week and 15-week. Error bars show the standard deviation of the biotic triplicates.
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FIGURE 5 | Mean concentrations of P, Mn, Fe Co, Ni, V, Zn, Mo, Al, Cr, Cu, Pb, and Li in the solutions of biotic triplicates (n = 3) and abiotic con-
trol (n=1) at the beginning (Oweek) and at the end (15weeks) of the incubation (lower panels; Table S5), and the concentration differences between
the Oweek and 15weeks incubation (upper panels; Table S6) in (a) site 1 (crust), (b) site 2 (discoidal) and (c) site 3 (spheroidal). In the upper panels,
bars with positive values have labels above them, while bars with negative values have labels below them. The concentrations are normalised with
the measured values of artificial seawater (Table S2). The concentration differences are expressed as the relative change, calculated by subtracting
the 0-week values from the 15-week values and then dividing by the 0-week value. Error bars show the standard deviation of the biotic triplicates.
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FIGURE 6 | Mean concentrations of P, Mn, Fe, Al Co, Ni, V, Zn, Mo, Cr, Cu, and Pb in precipitates recovered by acid washing from the walls of
15-week biotic (n=3) and abiotic (n=1) microcosms bottles from (a) site 1 (crust), (b) site 2 (discoidal), and (c) site 3 (spheroidal). Li concentrations
were below the detection limit. Error bars show the standard deviation in biotic triplicates.
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FIGURES8 | (a)Tot-N,and NO,+NO,, and (b) PO .27, concentrations
in artificial seawater and the mean concentrations in the 15-week biotic
triplicates (n = 3) from site 1 (crust), site 2 (discoidal), and site 3 (spheroi-
dal). Error bars show the standard deviation in biotic triplicates. Data
from the 0-week microcosms or abiotic controls are not available.

In site 3 (spheroidal), most element concentrations (Al, P, V,
Mn Co, Ni, Cu, Zn, Mo, Pb, Li) were lower in the solution of
biotic triplicates compared to abiotic control after incubation
(Figure 5c¢). In biotic triplicates, P, Fe Co, Zn, Cu, and Li concen-
trations showed a slight increase, while Mn, Ni, V, Mo, Al Cr,
and Pb decreased. In the respective abiotic control, concentra-
tions of P, Fe Co, Zn, Mo, Cu, and Li increased, with Zn, Cu, and
Li showing the greatest increases. The Mn, Ni, V, Al, Cr, and Pb
decreased slightly in abiotic control.

It should be noted that only one abiotic treatment and three
biotic treatments were used in incubation experiments, which
limits the strength of statistical comparisons between these
treatments. Furthermore, there was high variability in biotic
triplicates, and the error bars of standard deviation are thus
not presented in the figures showing the difference between
0-week and 15-week incubation (Figure 5, upper panels;
Table S6).

In all three morphotypes, the precipitated material recovered
by acid-washing from the inner walls of the 15-week incubation
bottles showed elevated concentrations in both biotic triplicates
and abiotic controls (Figure 6 and Table S7). In sites 1 (crust)
and 3 (spheroidal), concentrations of P, Mn, Fe, Al Co, Ni, V, Zn,
Mo, Cr, Cu, and Pb were higher in the biotic triplicates than in
the corresponding abiotic controls. In site 2 (discoidal), only con-
centrations of P, V, and Pb were higher in the biotic triplicates
compared to the abiotic control, whereas the concentrations of
other metals were more elevated in the abiotic control. The high-
est concentrations were observed for P, Mn, Fe, and Al across all
sites, while the concentrations of the other elements (Co, Ni, V,
Zn, Mo, Cr, Cu, Pb) remained comparatively lower.

REY concentrations showed variability across sites (1-3) during
the 15-week experiment (Figure 7 and Table S9). At week 0in the

solution, site 2 showed the highest REY concentration in both
the biotic triplicates and abiotic control, followed by site 3 and
site 1. After the 15-week incubations, the sum of REY (ZREY)
increased in the solution of all sites except at site 1 biotic tripli-
cates, where the concentrations decreased slightly. More specif-
ically, the sum of light REE (XLREE; La-Nd) decreased and the
sum of heavy REE (XHREE; Ho-Lu) increased in all samples
and treatments, whereas the sum of middle REE (XMREE; Sm-
Dy) showed differing behaviours. In sites 1 and 2, the SMREE
concentration decreased in the biotic triplicates but increased in
the abiotic controls. In site 3, XMREE increased in both treat-
ments. However, these trends were affected largely by increases
in Dy, while most other MREEs (Sm-Tb) showed decreasing
concentrations during the experiment. The main exception was
the site 3 abiotic control, where both Gd and Dy increased while
the remaining MREESs were generally unchanged.

In the precipitated material, recovered by acid-washing from
the bottle walls at the end of the experiment (week 15 precip-
itates), biotic triplicates exhibited higher REY concentrations
compared to respective abiotic controls in all samples (Figure 7
and Table S11). Specifically, LREE concentrations were higher
in the biotic triplicates. All biotic samples and abiotic controls of
sites 1 (crust) and 2 (discoidal) showed a negative Eu anomaly.
In site 3 (spheroidal), no Eu anomaly was observed. No Cerium
(Ce) anomaly was observed in any of the sampled precipitates.

3.4 | Tot-N and NO,” +NO,™ and PO*-
Concentrations in Artificial Seawater and 15-Week
Biotic Triplicates

The Tot-N and NO,”+NO,~ concentrations increased in the
solution of biotic triplicates during 15weeks of incubation,
compared to the initial concentration in artificial seawater
(Figure 8a and Table S12). The NO,”+NO,” increase was
strong in all sites. In sites 1 (crust) and 2 (discoidal), Tot-N and
NO,~ +NO,~ increased the most, whereas in site 3 (spheroidal),
the increase was smaller.

The PO 43‘ concentration decreased in the incubation solution of
biotic triplicates after 15weeks, compared with the initial con-
centration in artificial seawater (Figure 8b and Table S12). In
site 1, PO 43*concentration decreased the most, 4.1 times. In site
2, concentration decreased 2.7 times, and in site 3, it decreased
1.7 times, compared to the initial PO, *"concentrations.

3.5 | Intrinsic Microbial Community Composition
on the Seabed and in Fe-Mn Concretions From
Microcosm Experiments

We received an average of 31 million read pairs (range: 6.4-49
million) from metagenomic sequencing and 52 million read
pairs (range: 30-60 million) from metatranscriptomic se-
quencing, after sequence trimming, across fluffy, sediment,
and Fe-Mn concretion samples collected immediately after
sampling (intrinsic) in 2022 and 2023. The mapping ratio of
SSU rRNA read pairs was on average 0.05% in metagenomic
samples and 37% in metatranscriptomic samples. Cells col-
lected from the seawater by filtration had very low DNA and
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FIGUREY9 | (upper panel)Relative abundances of archaea, bacteria, and eukaryota domains and (lower panel) the 15 most abundant archaeal and
bacterial phyla across all intrinsic fluffy, Fe-Mn concretion and sediment samples from each sampling site in year (a) 2023 and (b) 2022. SSU rRNA
genes obtained from metagenomes are DNA and genes from metatranscriptomes are RNA. Biotic triplicates in RNA samples are presented as the
mean relative abundance (n =3, except for sediment samples in 2023, where n =2, and Fe-Mn concretion samples in 2022, where n=1). Samples with
missing data are presented as blank spaces. All other phyla not among the 15 most abundant are shown as the ‘Other’ group.

following samples: one replicate each from site 1 and site 3 in
2023, all replicates in site 2 in 2023, and all replicates in 2022
in all sites.

RNA concentrations, leading to failure in library preparation.
Similarly, despite re-extractions, sediment RNA concentra-
tions were too low and failed in library preparation in the
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FIGURE10 | Principal Coordinate Analysis (PCoA) with Bray-Curtis distance of microbial communities from intrinsic fluffy, Fe-Mn concretion

and sediment samples collected in year 2023 and 2022. DNA represents communities obtained from metagenomes, and RNA from metatranscrip-
tomes. Community differences between each group (fluffy, sediment and Fe-Mn concretion) were tested using PERMANOVA on Bray-Curtis dis-
tances. All pairwise comparisons among different groups were significant (adj. p <0.05). In 2023, sample sizes among each tested group were: Fluffy
(n=12), sediment (n=7), and concretion (n=12), and in 2022: fluffy (n=12), sediment (n=3), and concretion (n=6). Raw sequence counts were
normalised to relative abundances.

FIGURE11

a. 2023 b. 2022
DNA RNA DNA RNA
1.00
1 M1 I Bl
075 um— | p— o
— = ; | = [— § Other
0501 [ . S = . .
- _ | = . Acidobacteriota
0
0.25 1 = Actinomycetota
| B rctnony
0,004 N | | — — — Bacteroidota
o 100 . Chloroflexota
13) ;
§ orsl - - I - - o . Cyanobacteriota
B o
< = = = - | - - ® D Entotheonellacota
< 050+ - B - % . Gemmatimonadota
'g 0.25 - ‘ % . Myxococcota
%= 0.254 | O
3 ‘ = NB1-j
O o —— | — EEn | | e S . Nitrospirota
1:004 . Planctomycetota
I . I I
0.75 - - - - % | Pseudomonadota
- - = = - - - - ; . Thermodesulfobacteriota
- _ kel
090 - - - — - - 5 . SAR324 clade(Marine group B)
o
0.25 } % . Thermoproteota
000 I — | — | e —
O-week 15-week  O-week 15-week O-week 12-week  O-week 12-week

| Relative abundances of the 15 most abundant bacterial and archaeal phyla across all Fe-Mn concretion samples collected from biotic
triplicates of microcosm experiments in year (a) 2023 and (b) 2022. DNA represents SSU rRNA genes obtained from metagenomes and RNA from

metatranscriptomes. Biotic triplicates are presented as the mean relative abundance from DNA and RNA (n=3, except for the 2022 site 3 0-week

RNA-derived samples, where n=2). All other phyla that did not belong to the 15 most abundant are shown as the ‘Other’ group.

The SSU rRNA sequences obtained from metatranscriptomes
(RNA, active microbial communities) and metagenomes (DNA,
both active and dormant microbial communities) showed that
bacteria were the most dominant (75%), followed by eukaryota

(24%), and a small proportion of SSU reads belonged to the
archaeal domain (1%) across fluffy, sediment, and intrinsic
Fe-Mn concretion samples in 2023 and 2022 (Figure 9; upper
panel). Eukaryota were consistently more abundant in the fluffy
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FIGURE 12 | Relative abundances of the 70 most abundant bacterial and
otic triplicates from incubation experiments in 2023 and 2022. The heatmap

Planctomycetota | Brocadiae | Candidatus Scalindua
Planctomycetota | Phycisphaerae | SM1A02
Planctomycetota | Phycisphaerae | Urania-1B-19 marine sediment group
Planctomycetota | Planctomycetes | Pir4 lineage
Planctomycetota | Planctomycetes | Bremerella
Planctomycetota | Planctomycetes | Pirellula
Planctomycetota | Planctomycetes | Planctomicrobium
Planctomycetota | Planctomycetes | Mariniblastus
Pseudomonadota | Alphaproteobacteria | Rhodomicrobium
Pseudomonadota | Alphaproteobacteria | Limibaculum
Pseudomonadota | Alphaproteobacteria | Pedomicrobium
Pseudomonadota | Alphaproteobacteria | Cohaesibacter
Pseudomonadota | Alphaproteobacteria | Hyphomicrobium
Pseudomonadota | Alphaproteobacteria | Filomicrobium
Pseudomonadota | Alphaproteobacteria | Bauldia
Pseudomonadota | Alphaproteobacteria | SWB02
Pseudomonadota | Alphaproteobacteria | Pseudolabrys
Pseudomonadota | Alphaproteobacteria | Marinicaulis
Pseudomonadota | Alphaproteobacteria | Methyloceanibacter
Pseudomonadota | Alphaproteobacteria | Pikeienuella
Pseudomonadota | Alphaproteobacteria | Amphiplicatus
Pseudomonadota | Alphaproteobacteria | Magnetospira
Pseudomonadota | Gammaproteobacteria | MND1
Pseudomonadota | Gammaproteobacteria | Woeseia
Pseudomonadota | Gammaproteobacteria | Sulfuricaulis
Pseudomonadota | Gammaproteobacteria | Sulfurifustis
Pseudomonadota | Gammaproteobacteria | Nitrosomonas
Pseudomonadota | Gammaproteobacteria | 1S-44
Pseudomonadota | Gammaproteobacteria | GOUTAG
Pseudomonadota | Gammaproteobacteria | EIin6067
Pseudomonadota | Gammaproteobacteria | Leptothrix
Pseudomonadota | Gammaproteobacteria | Cm1-21
Pseudomonadota | Gammaproteobacteria | Pseudomonas
Pseudomonadota | Gammaproteobacteria | Motiliproteus
Pseudomonadota | Gammaproteobacteria | AqS1
Pseudomonadota | Gammaproteobacteria | Legionella
Pseudomonadota | Gammaproteobacteria | Rhodoferax
Pseudomonadota | Gammaproteobacteria | Gallionella
Spirochaetota | Spirochaetia | Spirochaeta
Thermodesulfobacteriota | Desulfobacteria | Sva0081 sediment group
Thermodesulfobacteriota | Desulfobacteria | SEEP-SRB1
Thermodesulfobacteriota | Desulfuromonadia | Geopsychrobacter

archaeal genera across all Fe-Mn concretion samples collected from bi-
is arranged alphabetically by domain, phylum, and class. Two archaeal

genera are at the top. The most abundant genus within each class is positioned at the top of each class. DNA represents SSU rRNA genes obtained

from metagenomes and RNA from metatranscriptomes. Biotic triplicates are

presented as the mean abundance from DNA and RNA (n =3, except for

the 2022 site 3 0-week RNA-derived samples, where n=2). Abundances are presented as the square root of relative abundances.

samples compared to the sediments and concretions. The largest
eukaryotic phyla were Amorphea and the SAR supergroups. At
site 1 fluffy samples, approximately 25% of the SSU reads were
eukaryotic, whereas at sites 2 and 3, nearly 50% were eukaryotic
in both years. The remaining SSU reads were mainly assigned to

bacteria, and fluffy samples had the least archaeal reads (0.6%).
In Fe-Mn concretions and sediments, eukaryal SSU reads were
present at less than 25%. In both years, 85% of reads belonged to
the bacterial domain across all Fe-Mn concretion samples, and
83% in sediment samples. In concretions, archaeal SSU reads
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FIGURE 13 | Principal coordinate analysis (PCoA) with Bray-Curtis distance of archaeal and bacterial communities from Fe-Mn concretions
collected from incubation experiments in 2023 and 2022. DNA represents communities obtained from metagenomes, and RNA from metatranscrip-
tomes. Community differences between each site/morphotype (crust, discoidal, spheroidal) were tested using PERMANOVA on Bray-Curtis dis-
tances. All pairwise comparisons among different sites were significant (adj. p <0.05). Sample sizes among each tested site were n =6, except for the
2022 site 3 RNA-derived samples, where n=>5. Arrow directions indicate the gradient of each element concentration in ordination space, while arrow
lengths reflect the strength of correlation with microbial community composition. Solid grey arrows show significant correlations (adj. p <0.05), and
dashed grey arrows indicate non-significant to illustrate potential associations with community composition. Raw sequence counts were normalised
to relative abundances. Element concentrations were first normalised to measured values of artificial seawater (Table S2) and then log-transformed.

were detected around 1% of all samples. Archaea were most
abundant in the sediment samples (2.3%), particularly in the
2022 samples.

The distribution of the 15 most abundant bacterial and archaeal
phyla varied across sites in intrinsic fluffy, sediment, and Fe-
Mn concretion samples (Figure 9, lower panel). In fluffy sam-
ples across all sites, Cyanobacteriota was the most abundant
phylum (28%), followed by Pseudomonadota (20%, previously
Proteobacteria). Differences between the community data
derived from DNA and RNA in fluffy samples were minor.
Across all Fe-Mn concretion samples, Pseudomonadota domi-
nated both in DNA (36%) and RNA (23%) derived community.
In DNA-derived community, the next three largest phyla were
Acidobacteriota (8%), Chloroflexota (6%), and Actinomycetota
(6%). In RNA-derived community, the next three largest
phyla were Myxococcota (15%), Chloroflexota (15%), and
Acidobacteriota (7%). In addition, site 1 concretions (crust) had

a high abundance of Entotheonellaeota, particularly in RNA-
derived community in 2022, in which Entotheonellaeota formed
23% of relative abundance. The sediment samples showed most
variation in phyla abundance and were predominantly domi-
nated by Pseudomonadota (19%) and Thermodesulfobacteriota
(13%). Additionally, in 2022, sediment from site 2 (discoidal)
had a higher abundance of Bacteroidota (27%) than other sed-
iment samples. Archaea were not among the 15 most abundant
phyla. Communities obtained from DNA showed a higher pro-
portion of members classified as ‘Other’ than those obtained
from RNA. According to the Shannon diversity index (H’), the
highest diversity was observed in sediment samples in 2023
(5.42£0.55) and 2022 (5.59+0.09), followed by Fe-Mn concre-
tions in 2023 (5.15+0.18) and 2022 (4.94+0.37). The lowest di-
versity was observed in fluffy samples in 2023 (4.67 +0.35) and
2022 (4.21£0.32). ANOVA with Tukey HSD post hoc testing
showed significantly higher Shannon diversity in concretion
samples compared to fluffy samples (diff=0.48, adj. p=0.007),
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and sediment samples compared to fluffy samples (diff=0.76,
adj. p=<0.001) in 2023. Sediment samples did not differ sig-
nificantly from concretion samples. In 2022, Shannon diver-
sity was significantly higher in concretion samples compared
to fluffy samples (diff=0.73, adj. p=0.001), and significantly
higher in sediment samples compared to both concretion sam-
ples (diff=0.65, adj. p=0.026) and to fluffy samples (diff=1.37,
adj. p=<0.001). ANOVA assumptions of normality and homo-
geneity of variances were met (both p>0.05). See Tables S13A
and S13B for all Shannon diversity indexes, and Table S15A for
ANOVA results.

In 2023, the largest variation in the principal coordinate analy-
sis (PCoA) ordination with Bray—Curtis distances was explained
by 49.6% (PC1) and the second largest variation was explained
by 21% (PC2) (Figure 10). In 2022, PC1 explained 54% and PC2
19.3% of the variation. In both years, samples clustered closely
together based on their collected environment (fluffy, concre-
tion, and sediment), while nucleic acid type (DNA/RNA) and
sampling site had a minor influence on clustering. In 2023,
fluffy samples from site 1 (crust) were distributed along a diago-
nal gradient from upper-left to lower-right, showing a slight clus-
tering with sediment samples. In the year 2023, PERMANOVA
indicated that community composition differed significantly be-
tween concretion and fluffy samples (R?=0.66, adj. p=0.001),
concretion and sediment samples (R?=0.54, adj. p=0.001),
and fluffy and sediment samples (R?=0.46, adj. p=0.001). The
PERMANOVA assumption of homogeneity of multivariate dis-
persion was met (p>0.05). In the year 2022, community com-
position differed significantly between concretion and fluffy
samples (R?=0.65, adj. p=0.003), concretion and sediment sam-
ples (R?=0.41, adj. p=0.014), and fluffy and sediment samples
(R?=0.55, adj. p=0.005). The PERMANOVA assumption of ho-
mogeneity of multivariate dispersion was not met (p <0.05). See
Table S16 for all R? and p values.

We received an average of 35 million read pairs (range: 8-111
million) from metagenomic sequencing and 53 million read
pairs (range: 31-65 million) from metatranscriptomic sequenc-
ing, after sequence trimming, across all Fe-Mn concretion sam-
ples collected from incubation experiments in 2023 and 2022.
Mapping ratio of SSU rRNA read pairs was on average 0.04%
for metagenome samples and 37% for metatranscriptome sam-
ples. One 0-week replicate from the biotic triplicates at site 3 in
2022 failed library preparation. We received total RNA concen-
trations from abiotic controls in year 2022 from site 1, 40ng/uL
(0-week), 10ng/uL (12-week), and site 2, 15ng/uL (0-week), and
from year 2023 experiment from site 1, 10ng/uL (0-week), and
site 2, 10ng/uL (0-week) and 7ng/uL (15-week).

When comparing SSU rRNA sequences obtained from metatran-
scriptomes (RNA) with sequences obtained from metagenomes
(DNA), the 15 most abundant bacteria and archaea across Fe-
Mn concretions collected from microcosm incubation experi-
ments had very similar profiles in all sites in both 2023 and 2022
(Figure 11). Across all concretion samples, Pseudomonadota
was the most abundant bacterial phylum (32%). Its abundance
was higher in DNA-derived communities than in RNA-derived
communities. Other large groups were Chloroflexota (10%),
Myxococcota (8%), Nitrospirota (7%), Acidobacteriota (7%),
and Planctomycetota (6%). Myxococcota, Chloroflexota, and

Nitrospirota had higher relative abundances in RNA-derived
communities compared to DNA-derived communities. Phylum
Entotheonellaeota was abundant in site 1 samples (crust), both
years, but particularly in 2022. Unlike in intrinsic Fe-Mn concre-
tions (Figure 9, lower panel), SAR324 clade and Thermoproteota
(archaea) were among the 15 most abundant phyla in concre-
tions collected from incubation experiments. The occurrence
of the archaeal phyla was low, and the phylum Thermoproteota
was present in low abundances (1%) across all samples. The
following three largest archaeal phyla were Asgardarchaeota,
Nanoarchaeota, and Halobacteriota. They were detected at low
abundance (<1%). A community composition obtained from
DNA showed a slightly higher proportion of the community
classified as ‘Other’ than in RNA samples.

From the 70 most abundant archaeal and bacterial genera in Fe-
Mn concretions from incubation experiments (Figure 12), the
10 most abundant across all samples were Nitrospira (phylum:
Nitrospirota, with relative abundances ranging from 15% to 41%
of total community), Subgroup 10 (Acidobacteriota, 3.7%-9.4%),
Candidatus Entotheonella (Entotheonellaeota, 0.03%-52%),
MNDI (Pseudomonadota, 0.8%-12.5%), Rhodomicrobium
(1.6%-8.1%, Pseudomonadota), Woeseia (1.9%-5.3%,
Pseudomonadota), Sulfuricaulis (0.2%-7.0%, Pseudomonadota),
Candidatus Nitrosopumilus (0.3%-3.9%, Thermoproteota,
Archaea), Ilumatobacter (0.1%-2.8%, Actinomycetota), and
OM27 clade (0.5%-2.9%, Bdellovibrionota). Classes Alpha- and
Gammaproteobacteria (Pseudomonadota) formed the largest
part of the community. Major differences between the 0-week
and respective 12- or 15-week community abundance were not
detected. Candidatus Entotheonella (Entotheonellaeota) was
abundant mainly in site 1 (crust) samples in both years, and
it also showed higher counts in RNA-derived than in DNA-
derived communities. Furthermore, in site 1 RNA-derived
samples, particularly in year 2022, many genera in Class
Gammaproteobacteria (from GOUTA6 to Gallionella), genus
Spirochaeta (Spirochaetota) and genera Sva0081 sediment group,
SEEP-SRBI, and Geopsychrobacter (Thermodesulfobacteriota)
received lower abundance compared to the respective site 2
(discoidal) and 3 (spheroidal) RNA-derived samples. The DNA-
derived community received generally higher abundances
across all samples and genera. According to the Shannon diver-
sity index (H'), the highest diversity was observed in site 3 (sphe-
roidal) concretions in 2023 (5.35+0.13) and 2022 (5.36 £0.11),
followed by site 2 (discoidal) concretions in 2023 (5.15+0.13)
and 2022 (5.27 +£0.08). The lowest diversity was observed in site
1 (crust) concretions in 2023 (5.06 +£0.17) and 2022 (4.62 +0.31).
ANOVA with Tukey HSD post hoc testing showed significantly
higher Shannon diversity in spheroidal morphotype compared
to crusts (diff=0.29, adj. p=<0.001) and discoidal in 2023
(diff=0.20, adj. p=0.006). No significant differences were found
between discoidal and crust morphotypes. ANOVA assump-
tions of normality and homogeneity of variances were met (both
p>0.05). In 2022 samples, Welch's ANOVA followed by Games-
Howell post hoc test showed significantly higher Shannon di-
versity in spheroidal morphotype compared to crusts (diff=0.74,
adj. p=<0.001), and discoidal compared to crusts (diff=0.65,
adj. p=<0.001). No significant differences were found between
spheroidal and discoidal morphotypes. See Table S14 for all
Shannon diversity indexes, and Table S15B for ANOVA with
post hoc results.
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In DNA-derived communities in 2023, the largest variation in
bacterial and archaeal community composition was explained
by 27.4% (PC1), and the second largest variation by 21% (PC2)
in the Principal Coordinate Analysis (PCoA) ordination with
Bray-Curtis distances (Figure 13). In RNA-derived communi-
ties, PC1 explained 35.4% and PC2 27.5% of the variation. In
both DNA and RNA-derived communities, samples clustered
together based on their morphotype (crust, discoidal, and sphe-
roidal), rather than time of collection (0-week or 12/15-week).
PERMANOVA on Bray-Curtis dissimilarities showed that
all three sites (morphotypes) differed significantly from each
other and that morphotype explained 30%-40% of the varia-
tion in community structure. In DNA-derived communities,
community composition differed significantly between crust
and discoidal (R?=0.31, adj. p=0.008), crust and spheroidal
(R?=0.29, adj. p=0.003), and discoidal and spheroidal mor-
photypes (R>=0.31, adj. p=0.003). In RNA-derived commu-
nities, community composition differed significantly between
crust and discoidal (R>=0.41, adj. p=0.004), crust and sphe-
roidal (R>=0.37, adj. p=0.004), and discoidal and spheroidal
morphotypes (R?=0.36, adj. p=0.004). The PERMANOVA
assumption of homogeneity of multivariate dispersion was
met (p>0.05).

In DNA-derived communities in 2023, the majority of elements
(Fe, Cr, Zn, P, Mn Co and V) oriented toward site 3 (spheroidal),
and Cu, Ni, Mo, Al and Li oriented toward site 1 (crust). Pb was
positioned between clusters and did not show a clear association
with any samples. Statistical testing showed that P (R?=0.44, adj.
p=0.05) Co (R?>=0.44, adj. p=0.05), V (R*=0.47, adj. p=0.03),
Ni (R?=0.53, adj. p=0.03), and Li (R?=0.62, adj. p=0.03) cor-
related significantly with the ordination. RNA-derived com-
munities showed a similar pattern, in which most elements (Cr,
Fe, Zn, P, Mn Co and V) oriented toward site 3 (spheroidal), Al
toward site 2 (discoidal), and Mo, Pb, Ni and Cu toward site 1
(crust). Li did not show a clear association with any samples.
The Co (R?=0.59, adj. p=0.02), P (R*=0.52, adj. p=0.04), Li
(R?*=0.51, adj. p=0.03), and Ni (R>=0.66, adj. p=0.02) cor-
related significantly with the ordination. The elements that were
not statistically significant (adj. p <0.05) illustrate their strength
and the potential associations with community composition. See
Table S17 for all R? and p values.

In DNA-derived communities in 2022, PC1 explained 45% of
the variation in bacterial and archaeal community composition,
and PC2 explained 16.8%. In RNA-derived communities, PC1
explained 71.5% and PC2 explained 8.3% of the variation. In
both DNA- and RNA-derived communities, samples clustered
together based on their morphotype (crust, discoidal, and sphe-
roidal), rather than time of collection. PERMANOVA on Bray-
Curtis dissimilarities showed significant differences among all
sites (morphotypes), with the strongest separation in crust vs.
discoidal and crust vs. spheroidal morphotypes. In DNA-derived
communities, community composition differed significantly be-
tween crust and discoidal (R?=0.56, adj. p=0.006), crust and
spheroidal (R?=0.54, adj. p=0.005), and discoidal and sphe-
roidal morphotypes (R?=0.30, adj. p=0.005). In RNA-derived
communities, community composition differed significantly
between crust and discoidal (R?>=0.75, adj. p=0.005), crust and
spheroidal (R?=0.76, adj. p=0.005), and discoidal and spheroi-
dal morphotypes (R?=0.28, adj. p=0.005). The PERMANOVA

assumption of homogeneity of multivariate dispersion was met
(p>0.05).

In DNA-derived communities in 2022, most elements (Zn, Ni,
Mn, P, V, and Co) oriented toward site 3 (spheroidal), Fe to-
ward site 2 (discoidal), and Mo toward site 1 (crust). Statistical
testing showed that P (R?=0.86, adj. p=0.002), Fe (R>=0.78,
adj. p=0.002), V (R?=0.78, adj. p=0.002), Mn (R?=0.38, adj.
p=0.04) Co (R?=0.38, adj. p=0.03), Ni (R*=0.36, adj. p=0.05),
and Mo (R?>=0.88, adj. p=0.002) correlated significantly with the
ordination. In RNA-derived communities, V, P, and Co oriented
toward site 3 (spheroidal) and Mn, Fe, Ni, and Zn toward site
2 (discoidal), whereas Mo showed a trend toward site 1 (crust).
The P (R2=0.82, adj. p=0.002), Fe (R2=0.81, adj. p=0.002), V
(R?=0.60, adj. p=0.002), Mo (R>=0.84, adj. p=0.002), and Mn
(R?=0.34, adj. p=0.05) correlated significantly with the ordi-
nation. The elements that were not statistically significant (adj.
p<0.05) illustrate their strength and the potential associations
with community composition. See Table S17 for all R? and p
values.

4 | Discussion

The formation of Fe-Mn concretions is a microbially facilitated
biogeochemical process where Fe and Mn from seawater and
sediment porewater precipitate to form (hydr)oxides on the sea-
floor (e.g., Winterhalter 2004). The formation process requires
predominantly oxygenated conditions and no or low sedimenta-
tion rates (e.g., Winterhalter 2004; Zhamoida et al. 1996). At all
three study sites, bottom water was well-oxygenated (> 6mL/L)
at the time of sampling (Figure 3). The concretions occurred as
a ca. 2cm thick layer on the seafloor, covering exposed old fine-
grained sediments from the previous lacustrine phase of the
Baltic Sea Basin, which have lower organic matter contents and
are thus more favourable for the Fe-Mn precipitation than the
reducing organic-rich mud that is being deposited in the Baltic
Sea today (Virtasalo et al. 2007, 2014). At all three sampling
sites, the conditions were therefore favourable for the formation
of ferromanganese concretions.

The microbial community composition of intrinsic Fe-Mn con-
cretions differed significantly from that in the surface organic-
rich ‘fluffy’ mud layer and surface sediment (Figures 9 and
10), indicating that Baltic Sea concretions are a highly selec-
tive environment for microbes, consistent with observations
from deep-sea polymetallic nodules (Bléthe et al. 2015; Tully
and Heidelberg 2013; Molari et al. 2020). However, because all
RNA sediment samples from 2022 did not yield usable data,
interannual comparisons were not possible, and the reduced
sample size limited statistical power and the robustness of these
observations.

The community composition in intrinsic Fe-Mn concretions and
in those collected from incubation experiments was similar, with
bacteria comprising most of the community and archaea present
at low abundances (Figures 9 and 11). Phylum Pseudomonadota
dominated the communities, followed by Chloroflexota,
Acidobacteriota, Myxococcota (previously Deltaproteobacteria),
and Nitrospirota, resembling previously described compositions
for Fe-Mn concretions in the Gulf of Finland (Yli-Hemminki
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et al. 2014; Reunamo et al. 2017). While Pseudomonadota dom-
inated in total sequence numbers, their abundance was dis-
tributed across multiple genera, having a more diverse species
community composition in Fe-Mn concretions (Figure 12).
Furthermore, a smaller proportion of Pseudomonadota within
the total community was active (as indicated by RNA), sug-
gesting that only a subset of Pseudomonadota actively partici-
pates in metabolic processes. A small proportion (3%-4%) was
assigned to ‘Other’, representing communities with rare or low
abundance. Although this rare biosphere is present at low abun-
dances, it is increasingly recognised that these taxa can influ-
ence ecological roles and possess metabolic potential to support
overall ecosystem functioning and stability (Zhang et al. 2021;
Jousset et al. 2017), and the same may apply to communities in
Fe-Mn concretions.

4.1 | Crust, Discoidal and Spheroidal Fe-Mn
Concretion Morphotypes Host Different Microbial
Communities and Metal Accumulation Patterns

We did not observe major differences between the 0-week and
the respective 12- or 15-week active microbial community com-
positions (Figures 11 and 12), showing that incubation did not
strongly select for different taxa and that Fe-Mn concretions
have relatively stable communities. Instead, community com-
position was significantly associated with Fe-Mn concretion
morphology (Figure 13). In the experiments with both discoidal
and spheroidal Fe-Mn concretion morphotypes, dissolved metal
concentrations in the surrounding artificial seawater tended to
be lower in biotic triplicates than in the respective abiotic con-
trols (Figure 5), indicating that metals in artificial seawater were
precipitated more efficiently as a new Fe-Mn concretion ma-
terial when microbes were present in these two morphotypes.
Metals could have been incorporated into Fe-Mn concretions
or precipitated onto bottle walls, or both. Microbes enhanced
metal accumulation most in experiment with spheroidal mor-
photype, in which metals (Mn, Ni, V, Mo, Al, Cr and Pb) were
removed from surrounding solution (Figure 5) and many met-
als (Mn, Fe, Al Co, Ni, V, Zn, Mo, Cr, Cu, and Pb) were precipi-
tated more efficiently on the bottle walls in presence of microbes
(Figure 6). In the discoidal morphotype metal precipitation on
the bottle walls was not enhanced by microbes. Similar results
were reported in our previous study, done in 2022 (Majamiki
et al. 2025), which also showed that microbial activity enhanced
metal accumulation most substantially in discoidal and sphe-
roidal morphotypes. Several metals, including Fe, Mn, V Co,
Zn, and Cr oriented toward the spheroidal and discoidal mor-
photypes (Figure 13), suggesting that microbial communities
in these concretion types are associated with elevated con-
centrations of these metals and that community composition
varies along metal gradients. A similar pattern was observed
in the 2022 experiment (Figure 13). Together with results ob-
tained in this study and from previous experiment (Majaméki
et al. 2025), we demonstrate elevated metal accumulation by mi-
crobes in discoidal and spheroidal morphotypes. It is important
to note though that only a single abiotic control and three biotic
treatments were used per morphotype, which limits statistical
strength of biotic-abiotic comparisons. Furthermore, NaN, that
was used in abiotic controls to inhibit microbial activity (Cabrol
et al. 2017; Sujith et al. 2017) can alter the chemical composition

and redox state of different compounds, producing unwanted
by-products (Hendrix et al. 2019). Although these unwanted re-
actions were mainly observed in longer incubation experiments
(years), short-term (minutes) effects may also occur, influenc-
ing here the reduction of Fe*+ and formation of N,O (Figure 4).
Therefore, while NaN, is effective for inhibiting microbial activ-
ity, any potential effects of NaN, should be acknowledged when
interpreting the results.

Synchrotron XRF and XAS microanalyses document that dis-
coidal and spheroidal morphotypes in the Baltic Sea contain
alternating Mn-(hydr)oxide-rich and Fe-(hydr)oxide-rich lay-
ers, whereas crust concretions are predominantly composed of
Fe-(hydr)oxides (Wasiljeff, Yu, et al. 2025). Mn-rich layers ex-
hibit columnar and branched dendritic growth structures, in-
terpreted to result from microbially induced precipitation. Local
environmental factors, such as hydrodynamics and sediment
depositional conditions on the seafloor, influence the Fe-Mn con-
cretion morphotype and their characteristic geochemical com-
positions (Winterhalter 2004; Zhamoida et al. 1996; Wasiljeff,
Yu, et al. 2025). In addition, morphology and composition may
be influenced by intermittent burial of the Fe-Mn concretions
by the organic-rich ‘fluffy’ mud layer (Wasiljeff, Yu, et al. 2025;
Shulga et al. 2022). The fluffy mud layer transports organic mat-
ter, Fe, and Mn, and detrital minerals (Hlawatsch, Neumann,
et al. 2002; Wasiljeff, Yu, et al. 2025) and may promote transient
anoxia, under which Mn phases preferentially dissolve, enhanc-
ing the incorporation of detrital minerals into Fe-(hydr)oxides
and favouring the formation of Fe-rich layers (Wasiljeff, Yu,
et al. 2025; Shulga et al. 2022).

We hypothesise that these environmental conditions control Fe-
Mn concretion morphology and geochemical composition, and
these factors together influence microbial community composi-
tion. Distinct morphotypes likely provide different mineralogi-
cal substrates and redox conditions for microbes. Consequently,
differences in microbial community composition we observed in
our data may reflect direct responses to concretion morphology,
mineralogy and geochemistry, the environmental conditions
that give rise to these characteristics, or interactions between
all these factors. Furthermore, microbial communities may in
turn regulate element cycling and concretion growth by ox-
idising and reducing metals (e.g., Yli-Hemminki et al. 2014;
Sujith et al. 2017), likely shaping mineralogical and elemental
composition of Fe-Mn concretions and potentially contribute
to morphotype-specific metal accumulation patterns (Figure 5;
Majamaiki et al. 2025). However, our results do not allow us to
determine conclusively whether microbial communities respond
to Fe-Mn concretion morphology and geochemistry or actively
contribute to shaping them.

Class Gammaproteobacteria (Pseudomonadota) received higher
relative abundance in the discoidal and spheroidal morphotypes
than in the crust morphotype, particularly in 2022, based on
RNA-derived active microbial communities (Figure 12). Within
this class, we observed several genera capable of oxidising Fe
and Mn, such as Gallionella, Leptothrix, and Pseudomonas, high-
lighting their potential contribution to the enrichment of Fe and
Mn in concretions. Higher abundance of Gammaproteobacteria
in discoidal and spheroidal morphotypes may have there-
fore facilitated elevated metal accumulation in these two
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morphotypes. For example, Gallionella sp. and Leptothrix sp.
include well-known Fe-oxidising bacteria, commonly found in
environments rich in Fe (Hallbeck and Pedersen 2015; Tothero
et al. 2024). In addition, some Leptothrix sp. and Pseudomonas
sp. have the potential to oxidise Mn (Adams and Ghiorse 1986;
Nelson et al. 1999; Wright et al. 2018; Geszvain et al. 2013;
Ghiorse 1984) with the latter previously identified in both Mn-
oxidising and Fe-oxidising experiments conducted on Fe-Mn
concretions of the Gulf of Finland (Yli-Hemminki et al. 2014),
showing their consistent presence in Fe-Mn concretions and
potential contribution to metal cycling. Oxidation of Fe or Mn
may also indirectly affect other metal cycling. For example,
Mn oxidisers can indirectly promote greater Cu accumulation
since Cu binds strongly to Mn (hydr)oxides by occupying va-
cancy sites in birnessite (§-Mn0O2) (Sherman and Peacock 2010).
The lower abundance of potential Mn oxidisers within class
Gammaproteobacteria in the crust morphotype may therefore
explain the highest Cu dissolution.

In addition to Gammaproteobacteria, sulfate-reducing bac-
teria (SRB), such as Sva0081 sediment group and SEEP-
SRB1 (Desulfobacteria), and Fe-reducer Geopsychrobacter
(Desulfuromonadia) showed higher relative abundances in
discoidal and spheroidal morphotypes, compared to crusts
among active microbial communities (Figure 12). Because con-
cretions are highly porous (Wasiljeff et al. 2024; Wasiljeff, Yu,
et al. 2025), local anoxic conditions can develop within their
pores and on their surfaces, where facultative anaerobes or
anaerobes, such as SRB, can thrive (Muyzer and Stams 2008).
In contrast, we also identified sulfur-oxidising bacteria (SOB),
such as Sulfuricaulis and Sulfurifustis (Gammaproteobacteria),
in all morphotypes. The presence of both anaerobic and aero-
bic bacteria demonstrates the occurrence of microscale oxic-
suboxic-anoxic zonations within concretions and that sulfur
is continuously reduced and re-oxidised. Higher abundance of
SRB in discoidal and spheroidal concretions could be explained
by their more porous structure, arising from columnar and
branched dendritic growth texture in Mn-rich phases (Wasiljeff
et al. 2024; Wasiljeff, Yu, et al. 2025), likely to provide greater
microhabitat diversity for microbes and further enhance forma-
tion of anoxic microniches. Given that, active SRB abundances
decreased slightly after incubation, while SOB abundance in-
creased, suggesting SOB dominance in discoidal and spheroi-
dal morphotypes. This may indirectly affect Fe concentrations
in solution, since SOB oxidises sulfides such as HS~ and H.,S,
which can limit Fe(IT) precipitation as FeS. This could maintain
higher dissolved Fe concentrations in the surrounding artificial
seawater, which could partly explain increased Fe concentra-
tions in both morphotypes (Figure 5). However, although SOB
clearly dominated in the crust morphotype, it was not attributed
to an exceptionally high increase of Fe in solution.

Only the crust morphotype was associated with a high relative
abundance of the active Entotheonellaeota in both intrinsic
concretions and those collected from incubation experiments
(Figures 9, 10 and 12). Candidatus Entotheonella is a filamen-
tous bacterium that is best known for its symbiotic association
with marine sponges, possessing a unique set of biosynthetic
genes and the potential to produce bioactive natural products
(Kim et al. 2025; Lackner et al. 2017; Dell et al. 2026; Yamabe
et al. 2024), where it acts as a detoxifying organ for the sponge,

protecting it by sequestering arsenic and barium (Keren
etal.2017). Previously, Entotheonellaeota has been characterised
from shallow groundwater wells in Finland (Lyons et al. 2021)
and from deep-sea polymetallic nodules and sediments (Molari
et al. 2020). It is suggested that Entotheonella sp. has intracel-
lular spheres rich in Mo, indicating that the bacteria actively
sequester and accumulate the element (Shoham et al. 2024).
Although we did not observe an exceptionally high accumula-
tion of Mo in the crust morphotype in this study (Figures 5 and
6) or in the previous study (Majamaiki et al. 2025), Mo oriented
toward crust samples and correlated strongly with community
composition in 2022, in which the highest abundance of active
Candidatus Entotheonella was detected. This suggests that Mo is
an important factor associated with communities in the crusts,
and the potential role of Entotheonella sp. in the accumulation of
Mo in crust Fe-Mn concretions.

4.2 | Several Fe- and Mn-Oxidising and Reducing
Bacteria Potentially Contributing to Metal and REE
Cycling in Fe-Mn Concretions

In addition to several Fe and Mn oxidisers observed in class
Gammaproteobacteria, other potential players in the Fe or
Mn oxidation were observed among Alphaproteobacteria,
such as Hyphomicrobium, Pedomicrobium, and Filomicrobium
(Figure 12). Theyshare similar morphology and ecological niches
by reproducing by budding and forming hyphae (Hirsch 2015). In
particular, Pedomicrobium sp. can oxidise Fe(II) or Mn(II), con-
verting them into (hydr)oxides that precipitate and accumulate
extracellularly around the cells. In contrast to these metal oxi-
disers, we identified genera capable of reducing Fe and Mn, such
as Rhodoferax and Acidiferrimicrobium (Figure 12) (Finneran
et al. 2003; Gonzalez et al. 2020). Together, these taxa indicate
potential for both Fe and Mn oxidation and reduction, suggest-
ing their role in metal cycling in Fe-Mn concretions and further
confirming redox heterogeneity in concretions. Furthermore,
Magnetospira (Alphaproteobacteria) in our samples (Figure 12)
belongs to a unique group of magnetotactic bacteria (MTB) that
synthesise magnetite (Fe,0,) crystals intracellularly and use
them to navigate magnetic fields (Bazylinski and Frankel 2004;
Williams et al. 2012). As a result, they accumulate Fe from the
surrounding environment (Amor et al. 2020) and may thus in-
directly influence the Fe cycle within concretions. Previously,
spheroidal concretions from the Baltic Sea have been associated
with enhanced microbial biomineralisation rates and magneto-
fossil content, produced by MTB (Wasiljeff et al. 2024).

In the beginning of the experiment (0-week), REY patterns in
all incubations showed a subtle but distinct MREE bulge, sug-
gesting the REY originates from reductive dissolution of Fe-Mn
(oxyhydr)oxide solid phases (Figure 7) (Haley et al. 2004; Abbott
et al. 2015). Since REY were not introduced to the artificial sea-
water incubation solutions at the initial stage of the experiment,
they must originate from the Fe-Mn concretions. It is likely the
REY and the observed MREE enrichment pattern originated
from porewaters of the concretion internal pore networks, or
they were partially desorbed from surface-adsorbed Fe and Mn
complexes due to interfacial redox reactions and minor changes
in pH shortly after the concretion material had been introduced
into the microcosms (Majamiki et al. 2025). The REY patterns
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remained mostly similar in solution of both the biotic triplicates
and abiotic controls while exhibiting differences among the dis-
tribution of REYs during the experiment. In general, the LREE
are more particle reactive, having shorter residence time in solu-
tion than HREE, which could explain the preferential removal
of LREE over HREE from the solution during the experiment.
Material that precipitated on the bottle walls during incubation
showed consistently higher REE concentrations in the biotic
triplicates, suggesting that REE precipitation was enhanced in
the presence of microbes. As discussed above, REEs were likely
released from the Fe-Mn concretions and subsequently incorpo-
rated into newly formed Fe-Mn (hydr)oxides on the bottle walls
or were scavenged back into the concretions. The bottle walls
likely provided well-oxygenated surfaces that favoured micro-
bial oxidative metabolism and the formation of fresh Fe and Mn
(hydr)oxides produced either abiotically or microbially through
Fe and Mn oxidation, which could capture REEs efficiently (Bau
and Koschinsky 2009; Liu et al. 2018; Sjoberg et al. 2017, 2018).

In natural environments, Fe and Mn (oxyhydr)oxides preferen-
tially scavenge MREE from the surrounding water column that
is then mobilised in early diagenesis (Surya Prakash et al. 2012;
Deng et al. 2022). After the 15-week incubations, approximately
linear REY patterns across all samples, which showed nearly
constant increase from LREE to HREE, resemble the patterns
commonly obtained in oxic brackish water and seawater (e.g.,
Sholkovitz et al. 1992; Molina-Kescher et al. 2014). Our data fur-
ther showed a positive correlation between Mn (Fe) and LREE
(HREE) and a negative correlation with Mn (Fe) and HREE
(LREE), which aligns with previous research on marine Fe-Mn
deposits indicating preferential sorption of HREE to Fe phases
(Jiang et al. 2011; Szamatek et al. 2018). The dissolution of Fe
during the experiment and precipitation of Mn reflect these in-
trinsic complexations. The decrease in Ce concentration in the
solution during the 15-week experiment and the subtle negative
Ce anomalies observed in the REY patterns could reflect the ox-
idative scavenging of Ce to the precipitates, resulting in a nega-
tive anomaly in the solution (Piper 1974; Ingri and Pontér 1986;
Dubinin 2004; Bau and Koschinsky 2009). This is not evident,
however, since there is no observable Ce anomaly in the newly
formed precipitates after the 15-week experiment. In the pres-
ence of microbes and/or organic compounds, an absence of
solid phase Ce anomaly has been previously reported (Kraemer
et al. 2017). The binding of REE with humate ligands effectively
inhibits the formation of Ce anomalies during the partitioning
of REE between the surrounding solution and the precipitates
(Kraemer et al. 2017). The positive Eu anomaly in solution and
negative Eu anomaly in the precipitate REE patterns likely
imply the strong preferential complexation with carbonate ions
in the artificial seawater (Censi et al. 2015).

4.3 | Fe-Mn Concretions Hosted Archaea
and Bacteria, Contributing to the Nitrogen
and Methane Cycles

Headspace CO, increased strongly in all biotic triplicates,
showing microbial respiration and activity in all three Fe-Mn
concretion morphotypes (Figure 4). The slight increase in CO,
concentrations observed in abiotic controls may result from the
low concentration of added NaN, (50mM) and the extended

incubation period, which may have allowed minimal microbial
activity (Cabrol et al. 2017). Alternatively, this small increase
may have resulted from the addition of NaN, which can cause
abiotic reactions such as the reduction of functional groups in
dissolved organic matter (Hendrix et al. 2019). The decrease
in methane across all biotic triplicates indicated potential mi-
crobial consumption after 15weeks of incubation, most likely
driven by aerobic methanotrophy, as also suggested in the 2022
experiment (Majamaki et al. 2025). Furthermore, the greatest
decrease in methane was observed with the crust concretion
morphotype, as in 2022. The genus Methyloceanibacter, ob-
served in all our samples (Figure 12), includes species that can
utilise one-carbon compounds other than methane, although
the Methyloceanibacter strain was also found to directly oxidise
methane using a soluble methane monooxygenase (Vekeman
et al. 2016). Microcosms containing sulfate, Fe, Mn, nitrate and
nitrite can also support anaerobic methane oxidation (AOM),
which typically occurs by consortia with methane-oxidising
ANME archaea and bacteria that reduce the respective elec-
tron acceptors (Orphan et al. 2001; Leu et al. 2020). However,
the abundance of ANME archaea (belonging to the phylum
Halobacteriota) was very low in our samples (<1%), implying
that AOM is unlikely to contribute substantially to methane ox-
idation in microcosms, suggesting that the methane decrease is
primarily the result of aerobic methane oxidation.

Nitrous oxide was produced excessively in crust-shaped con-
cretions during incubation and also in small amounts in
discoidal and spheroidal morphotypes in biotic triplicates, in-
dicating the presence of denitrifies (Figure 4). Pseudomonas
(Gammaproteobacteria), in our samples (Figure 12), include
well-known denitrifies (Zumft 1997), such as P. aeruginosa,
which can perform a complete denitrification cycle (Carlson and
Ingraham 1983). Furthermore, Woeseia (Gammaproteobacteria)
has species with the potential for partial denitrification path-
ways (Mufimann et al. 2017) and were previously identified
from oceanic nodules (Shulga et al. 2022; Molari et al. 2020;
He et al. 2025; Tominaga et al. 2023). Concentrations of nitrate
and nitrite and total nitrogen increased in the solution of biotic
triplicates (Figure 8) after 15weeks of incubation, most likely
due to ammonia oxidisation, in which ammonium in artificial
seawater (Table S1) is oxidised to nitrite and nitrate by nitri-
fying bacteria and archaea. In addition, negatively charged ni-
trites and nitrates can be adsorbed on Fe-Mn concretions and
released into solution when exposed to small pH changes at
the start of incubation. We identified several nitrifiers across
all samples (Figure 12), such as ammonia-oxidising archaea
Candidatus Nitrosopumilus (Qin et al. 2016) and ammonia-
oxidising bacteria Nitrosomonas, Nitrospina and Nitrospira
(Koops and Pommerening-Rdser 2015; Sun et al. 2019; Daims
et al. 2015), with the latter including species capable of complete
nitrification (Daims et al. 2015) and was previously character-
ised in Baltic Sea Fe-Mn concretions (Yli-Hemminki et al. 2014;
Reunamo et al. 2017). It should be noted that due to the addition
of NaN, into abiotic controls, N,0, NO, and NO, concentrations
could not be determined, making comparisons between abiotic
controls and biotic triplicates not possible. However, together
with consistent geochemical and community composition data,
received from biotic triplicates, we provide evidence of coexis-
tence of several nitrifiers and denitrifies in Fe-Mn concretions
that have potential to contribute to the nitrogen cycle.
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Phosphate decreased after 15weeks of incubation, indicat-
ing its uptake by microbes and accumulation in their biomass
(Figure 8). Alternatively, phosphate can also be adsorbed abi-
otically onto Fe(III) (hydr)oxides within concretions, while its
abiotic adsorption on Mn (hydr)oxides likely plays a minor role
(Anschutz et al. 2024). In the crust morphotype, P was adsorbed
both biologically and abiotically, either onto concretions or the
bottle walls (Figure 5; Figure 6), but precipitation on the bottle
walls was enhanced in the presence of microbes. In discoidal
and spheroidal morphotypes, P was released from the Fe-Mn
concretions but was later re-adsorbed onto the bottle walls. The
more columnar and porous microstructure of Mn-rich discoidal
and spheroidal concretions (Wasiljeff et al. 2024; Wasiljeff, Yu,
et al. 2025) could promote greater habitat diversity, formation
of anoxic microniches, and local hot spots for Fe and Mn reduc-
ers, releasing P when the binding surface is lost (Yli-Hemminki
et al. 2016). Abiotic dissolution of Fe-Mn (hydr)oxides could also
occur simultaneously. Bottle walls, however, are likely well-
oxygenated and thus favourable surfaces for formation of fresh
Fe-Mn (hydr)oxides, in which P can be re-adsorbed.

5 | Conclusions

Different concretion morphologies in the Gulf of Finland—
crust, discoidal and spheroidal—host distinct bacterial and
archaeal communities and metal accumulation patterns.
Microbial activity enhanced metal precipitation most in sphe-
roidal and discoidal morphotypes. Both morphotypes showed
higher relative abundance of active Gammaproteobacteria, in-
cluding several genera capable of Fe- and Mn-oxidation, such
as Leptothrix, Gallionella, and Pseudomonas, suggesting their
role in enhanced metal accumulation. Furthermore, discoidal
and spheroidal morphotypes had a higher relative abundance
of active sulfate-reducing bacteria, such as Sva0081 sediment
group and SEEP-SRBI in class Desulfobacteria. Crust morpho-
type had a higher relative abundance of the genus Candidatus
Entotheonella, and Mo was an important factor associated with
crust communities, suggesting a potential role of Entotheonella
sp. in the accumulation of Mo in crust concretion morphotype.

Despite revealed dissimilarities at the genus level, all three
morphologies were dominated by bacteria, while the abun-
dance of archaea remained small. The dominant bacterial
phylum was Pseudomonadota, with the classes Alpha- and
Gammaproteobacteria. In addition to genera with potential
to oxidise metals, we identified several genera involved in Fe-
and Mn reduction, such as Rhodoferax (Gammaproteobacteria)
and Acidiferrimicrobium (Acidimicrobiia), highlighting their
potential roles in metal cycling within Fe-Mn concretions.
Furthermore, we observed active genera participating in the
nitrogen cycle and methane oxidation. The co-occurrence of
aerobic and anaerobic communities within the same Fe-Mn con-
cretion suggests microscale oxic-suboxic-anoxic zonation and
redox heterogeneity, supporting diverse microbial populations
in Fe-Mn concretions.

The microbial community composition in Fe-Mn concretions
from the Gulf of Finland differs from that of the surrounding
environment, suggesting that these concretions are unique

microenvironments that serve as selective habitats for microbes
in the Gulf of Finland. Importantly, each Fe-Mn concretion
morphotype hosts a characteristic microbial community with
differing effects on many processes on the seafloor, such as
metal enrichment and nutrient cycling.

Author Contributions

Lotta Purkamo: supervision, conceptualization, methodology,
project administration, writing - review and editing, investigation.
Renata Majamiki: conceptualization, methodology, software, data
curation, investigation, validation, formal analysis, visualization,
writing - original draft, writing - review and editing, project ad-
ministration, resources. Pirjo Yli-Hemminki: conceptualization,
methodology, writing - review and editing, supervision. Joonas
Wasiljeff: conceptualization, methodology, validation, supervision,
visualization, writing - review and editing, writing - original draft,
formal analysis. Lukas Kohl: investigation, resources, formal anal-
ysis, writing - review and editing, validation. Jenni Hultman: su-
pervision, conceptualization, methodology, project administration,
resources, writing — review and editing. Eero Asmala: conceptu-
alization, methodology, writing - review and editing, supervision.
Joonas J. Virtasalo: supervision, funding acquisition, project
administration, conceptualization, methodology, investigation,
resources, writing — review and editing. Johanna Muurinen: con-
ceptualization. Kirsten S. Jergensen: conceptualization, methodol-
ogy, writing - review and editing, supervision.

Acknowledgements

This research was funded by the Foundation for Research of Natural
Resources in Finland (grant no. 20240020) and the Research Council
of Finland (grant no. 332249 Fermaid). This study has used research
facilities provided by the Finnish Marine Research Infrastructure
(FINMARI) network. We thank the captains and crews of RV
Geomari for their help with sediment core sampling. We acknowl-
edge Karoliina Koho (Geological Survey of Finland) for assistance
with sampling planning and providing support throughout the re-
search process. We want to thank University of Helsinki, Department
of Microbiology, for providing laboratory facilities and equipment for
the nucleic acid extraction during this research. We thank Juhani
Virkanen for ICP-MS measurements at the HelLabs, University of
Helsinki, and we thank the Tvirminne Zoological Station (TZS), the
University of Helsinki, for PO,, Tot-N, and NO, + NO, analyses. We
acknowledge the use of Microsoft Copilot and ChatGPT to improve
text fluency and scripts in RStudio. Images of different ferromanga-
nese concretion morphotypes for graphical abstract were generated
using Microsoft Copilot. No AT tools were used to create, alter, or ma-
nipulate original research data or results. Open access publishing fa-
cilitated by Geologian tutkimuskeskus, as part of the Wiley - FinELib
agreement.

Funding

This work was supported by the Research Council of Finland (332249)
and the Foundation for Research of Natural Resources in Finland
(20240020).

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are openly available in
NCBI Sequence Read Archive (SRA) at https://www.ncbi.nlm.nih.gov/
sra, reference number PRINA1417979.

22 of 27

Environmental Microbiology, 2026

85UB017 SUOLULIOD BAIRR1D) 3|cedl|dde auy Ag pausenob a1 Sajo1Le YO 8sn JO SaIn1 10} AR1g1 8UIIUQ AB]IM UO (SUOPUOD-PUE-SUBILIODAB | 1M Afe.q 1 BU1|UO//SONY) SUOIIPUOD PUe SLWLB L 8U3 89S *[9202/80/70] U0 Aelq1 8uljuQ 1M ‘SnsaxereAucuLon] AQ 06€0L 0262-29YT/TTTT OT/IOPALIOY"AB| 1M AReiqBU1|UO'S [UNO =010 ILLOIIAUS//SONY WOy papeojumod ‘L ‘9202 ‘0262297T


https://www.ncbi.nlm.nih.gov/sra
https://www.ncbi.nlm.nih.gov/sra

References

Abbott, A. N., B. A. Haley, J. McManus, and C. E. Reimers. 2015. “The
Sedimentary Flux of Dissolved Rare Earth Elements to the Ocean.”
Geochimica et Cosmochimica Acta 154: 186-200. https://doi.org/10.
1016/j.gca.2015.01.010.

Adams, L. F., and W. C. Ghiorse. 1986. “Physiology and Ultrastructure
of Leptothrix discophora SS-1.” Archives of Microbiology 145: 126-135.
https://doi.org/10.1007/BF00446769.

Amor, M., A. Ceballos, J. Wan, et al. 2020. “Magnetotactic Bacteria
Accumulate a Large Pool of Iron Distinct From Their Magnetite
Crystals.” Applied and Environmental Microbiology 86, no. 22:
€01278-20. https://doi.org/10.1128/AEM.01278-20.

Andrews, S. 2010. “FastQC: A Quality Control Tool for High Throughput
Sequence Data [Online].” http://www.bioinformatics.babraham.ac.uk/
projects/fastqc/.

Anschutz, P., F. Benony, and C. Charbonnier. 2024. “Role of Manganese
Oxides and Oxyhydroxides in Phosphate Sequestration in Natural
Aquatic Environments.” Chemical Geology 662: 122231. https://doi.org/
10.1016/j.chemgeo.2024.122231.

Baturin, G. N. 2009. “Geochemistry of Ferromanganese Nodules in the
Gulf of Finland, Baltic Sea.” Lithology and Mineral Resources 44, no. 5:
411-426. https://doi.org/10.1134/S0024490209050010.

Bau, M., and A. Koschinsky. 2009. “Oxidative Scavenging of Cerium
on Hydrous Fe Oxide: Evidence From the Distribution of Rare
Earth Elements and Yttrium Between Fe Oxides and Mn Oxides in
Hydrogenetic Ferromanganese Crusts.” Geochemical Journal 43: 37-47.
https://doi.org/10.2343/geochem;j.1.0005.

Bazylinski, D. A., and R. B. Frankel. 2004. “Magnetosome Formation in
Prokaryotes.” Nature Reviews Microbiology 2, no. 3: 217-230. https://doi.
org/10.1038/nrmicro842.

Blothe, M., A. Wegorzewski, C. Miiller, F. Simon, T. Kuhn, and A.
Schippers. 2015. “Manganese-Cycling Microbial Communities Inside
Deep-Sea Manganese Nodules.” Environmental Science and Technology
49, no. 13: 7692-7700. https://doi.org/10.1021/es504930v.

Cabrol, L., M. Quéméneur, and B. Misson. 2017. “Inhibitory Effects
of Sodium Azide on Microbial Growth in Experimental Resuspension
of Marine Sediment.” Journal of Microbiological Methods 133: 62-65.
https://doi.org/10.1016/J.MIMET.2016.12.021.

Carlson, C. A.,andJ. L. Ingraham. 1983. “Comparison of Denitrification
by Pseudomonas stutzeri, Pseudomonas aeruginosa, and Paracoccus de-
nitrificans.” Applied and Environmental Microbiology 45, no. 4: 1247-
1253. https://doi.org/10.1128/aem.45.4.1247-1253.1983.

Censi, P., M. Cangemi, L. Brusca, P. Madonia, F. Saiano, and P.
Zuddas. 2015. “The Behavior of Rare-Earth Elements, Zr and Hf
During Biologically-Mediated Deposition of Silica-Stromatolites and
Carbonate-Rich Microbial Mats.” Gondwana Research 27: 209-215.
https://doi.org/10.1016/j.gr.2013.09.014.

Daims, H., E. v. Lebedeva, P. Pjevac, et al. 2015. “Complete Nitrification
by Nitrospira Bacteria.” Nature 528, no. 7583: 504-509. https://doi.org/
10.1038/NATURE16461.

DeAngelis, K. M., E. L. Brodie, T. Z. DeSantis, G. L. Andersen, S. E.
Lindow, and M. K. Firestone. 2009. “Selective Progressive Response of
Soil Microbial Community to Wild Oat Roots.” ISME Journal 3, no. 2:
168-178. https://doi.org/10.1038/isme;j.2008.103.

Dell, M., M. Kogawa, A. B. Streiff, et al. 2026. “Chemical Richness
and Diversity of Uncultivated ‘Entotheonella’ Symbionts in Marine
Sponges.” Nature Chemical Biology 22, no. 2: 217-228. https://doi.org/
10.1038/s41589-025-02066-0.

Deng, Y., Q. Guo, C. Liu, et al. 2022. “Early Diagenetic Control on the
Enrichment and Fractionation of Rare Earth Elements in Deep-Sea
Sediments.” Science Advances 8: eabn5466. https://doi.org/10.1126/
sciadv.abn5466.

Dubinin, A. V. 2004. “Geochemistry of Rare Earth Elements in the
Ocean.” Lithology and Mineral Resources 39: 289-307. https://doi.org/
10.1023/B:LIMI.0000033816.14825.a2.

Edwards, U., T. Rogall, H. Blocker, M. Emde, and E. C. Bottger. 1989.
“Isolation and Direct Complete Nucleotide Determination of Entire
Genes: Characterization of a Gene Coding for 16S Ribosomal RNA.”
Nucleic Acids Research 17: 7843-7853. https://doi.org/10.1093/nar/17.
19.7843.

Ewels, P., M. Magnusson, S. Lundin, and M. Killer. 2016. “MultiQC:
Summarize Analysis Results for Multiple Tools and Samples in a Single
Report.” Bioinformatics 32, no. 19: 3047-3048. https://doi.org/10.1093/
bioinformatics/btw354.

Finneran, K. T., C. v. Johnsen, and D. R. Lovley. 2003. “Rhodoferax
ferrireducens sp. Nov., a Psychrotolerant, Facultatively Anaerobic
Bacterium That Oxidizes Acetate With the Reduction of Fe(III).”
International Journal of Systematic and Evolutionary Microbiology 53,
no. Pt 3: 669-673. https://doi.org/10.1099/1JS.0.02298-0.

Fox, J., and S. Weisberg. 2019. An R Companion to Applied Regression.
3rd ed. Sage. https://www.john-fox.ca/Companion/.

Geszvain, K., J. K. McCarthy, and B. M. Tebo. 2013. “Elimination of
Manganese(ILIII) Oxidation in Pseudomonas putida GB-1 by a Double
Knockout of Two Putative Multicopper Oxidase Genes.” Applied and
Environmental Microbiology 79, no. 1: 357-366. https://doi.org/10.1128/
AEM.01850-12.

Ghiorse, W. C. 1984. “Biology of Iron- and Manganese-Depositing
Bacteria.” Annual Review of Microbiology 38: 515-550. https://doi.org/
10.1146/ANNUREV.MI.38.100184.002503.

Glasby, G. P., E. M. Emelyanov, V. A. Zhamoida, et al. 1997.
“Environments of Formation of Ferromanganese Concretions in
the Baltic Sea: A Critical Review.” In Manganese Mineralization:
Geochemistry and Mineralogy of Terrestrial and Marine Deposits, vol.
119, 213-237. Special Publications.

Gonzdlez, D., K. J. Huber, B. Tindall, et al. 2020. “Acidiferrimicrobium
australe Gen. Nov., sp. Nov.,, an Acidophilic and Obligately
Heterotrophic, Member of the Actinobacteria That Catalyses
Dissimilatory Oxido-Reduction of Iron Isolated From Metal-Rich
Acidic Water in Chile.” International Journal of Systematic and
Evolutionary Microbiology 70, no. 5: 3348-3354. https://doi.org/10.
1099/1JSEM.0.004179/.

Grasshoff, K. 1976. Methods of Seawater Analysis. Verlag Chemie.

Griffiths, R. I., A. S. Whiteley, A. G. O'Donnell, and M. J. Bailey. 2000.
“Rapid Method for Coextraction of DNA and RNA From Natural
Environments for Analysis of Ribosomal DNA- and rRNA-Based
Microbial Community Composition.” Applied and Environmental
Microbiology 66, no. 12: 5488-5491. https://doi.org/10.1128/AEM.66.12.
5488-5491.2000.

Grigoriev, A. G., V. A. Zhamoida, K. A. Gruzdov, and R. S. Krymsky.
2013. “Age and Growth Rates of Ferromanganese Concretions From the
Gulf of Finland Derived From 210Pb Measurements.” Oceanology 53,
no. 3: 345-351. https://doi.org/10.1134/S0001437013030041.

Gruber-Vodicka, H. R., B. K. B. Seah, and E. Pruesse. 2020. “phyloFlash:
Rapid Small-Subunit rRNA Profiling and Targeted Assembly From
Metagenomes.” mSystems 5, no. 5: €00920. https://doi.org/10.1128/
mSystems.00920-20.

Haley, B. A., G. P. Klinkhammer, and J. McManus. 2004. “Rare
Earth Elements in Pore Waters of Marine Sediments.” Geochimica et
Cosmochimica Acta 68: 1265-1279. https://doi.org/10.1016/j.gca.2003.
09.012.

Hallbeck, L. E.-L., and K. Pedersen. 2015. “Gallionella.” In Bergey's
Manual of Systematics of Archaea and Bacteria, edited by M. E. Trujillo,
S. Dedysh, P. DeVos, et al. Wiley. https://doi.org/10.1002/9781118960
608.gbm00988.

Environmental Microbiology, 2026

23 of 27

85UB017 SUOLULIOD BAIRR1D) 3|cedl|dde auy Ag pausenob a1 Sajo1Le YO 8sn JO SaIn1 10} AR1g1 8UIIUQ AB]IM UO (SUOPUOD-PUE-SUBILIODAB | 1M Afe.q 1 BU1|UO//SONY) SUOIIPUOD PUe SLWLB L 8U3 89S *[9202/80/70] U0 Aelq1 8uljuQ 1M ‘SnsaxereAucuLon] AQ 06€0L 0262-29YT/TTTT OT/IOPALIOY"AB| 1M AReiqBU1|UO'S [UNO =010 ILLOIIAUS//SONY WOy papeojumod ‘L ‘9202 ‘0262297T


https://doi.org/10.1016/j.gca.2015.01.010
https://doi.org/10.1016/j.gca.2015.01.010
https://doi.org/10.1007/BF00446769
https://doi.org/10.1128/AEM.01278-20
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.1016/j.chemgeo.2024.122231
https://doi.org/10.1016/j.chemgeo.2024.122231
https://doi.org/10.1134/S0024490209050010
https://doi.org/10.2343/geochemj.1.0005
https://doi.org/10.1038/nrmicro842
https://doi.org/10.1038/nrmicro842
https://doi.org/10.1021/es504930v
https://doi.org/10.1016/J.MIMET.2016.12.021
https://doi.org/10.1128/aem.45.4.1247-1253.1983
https://doi.org/10.1016/j.gr.2013.09.014
https://doi.org/10.1038/NATURE16461
https://doi.org/10.1038/NATURE16461
https://doi.org/10.1038/ismej.2008.103
https://doi.org/10.1038/s41589-025-02066-0
https://doi.org/10.1038/s41589-025-02066-0
https://doi.org/10.1126/sciadv.abn5466
https://doi.org/10.1126/sciadv.abn5466
https://doi.org/10.1023/B:LIMI.0000033816.14825.a2
https://doi.org/10.1023/B:LIMI.0000033816.14825.a2
https://doi.org/10.1093/nar/17.19.7843
https://doi.org/10.1093/nar/17.19.7843
https://doi.org/10.1093/bioinformatics/btw354
https://doi.org/10.1093/bioinformatics/btw354
https://doi.org/10.1099/IJS.0.02298-0
https://www.john-fox.ca/Companion/
https://doi.org/10.1128/AEM.01850-12
https://doi.org/10.1128/AEM.01850-12
https://doi.org/10.1146/ANNUREV.MI.38.100184.002503
https://doi.org/10.1146/ANNUREV.MI.38.100184.002503
https://doi.org/10.1099/IJSEM.0.004179/
https://doi.org/10.1099/IJSEM.0.004179/
https://doi.org/10.1128/AEM.66.12.5488-5491.2000
https://doi.org/10.1128/AEM.66.12.5488-5491.2000
https://doi.org/10.1134/S0001437013030041
https://doi.org/10.1128/mSystems.00920-20
https://doi.org/10.1128/mSystems.00920-20
https://doi.org/10.1016/j.gca.2003.09.012
https://doi.org/10.1016/j.gca.2003.09.012
https://doi.org/10.1002/9781118960608.gbm00988
https://doi.org/10.1002/9781118960608.gbm00988

He, X., Q. Liu, X. Li, et al. 2025. “Bacterial Contributions to the
Formation of Polymetallic Nodules in the Pacific Ocean.” Frontiers
in Marine Science 12: 1533654. https://doi.org/10.3389/fmars.2025.
1533654.

Hein, J. R., and A. Koschinsky. 2014. “13.11—Deep-Ocean
Ferromanganese Crusts and Nodules.” In Treatise on Geochemistry, ed-
ited by H. D. Holland and K. K. Turekian, Second ed., 273-291. Elsevier
Ltd. https://doi.org/10.1016/B978-0-08-095975-7.01111-6.

HELCOM. 2013. “HELCOM HUB - Technical Report on the HELCOM
Underwater Biotope and Habitat Classification.” Balt. Sea Environ.
Proc. No. 139.

Hendrix, K., N. Bleyen, T. Mennecart, C. Bruggeman, and E. Valcke.
2019. “Sodium Azide Used as Microbial Inhibitor Caused Unwanted
By-Products in Anaerobic Geochemical Studies.” Applied Geochemistry
107: 120-130. https://doi.org/10.1016/j.apgeochem.2019.05.014.

Hirsch, P. 2015. “Pedomicrobium.” In Bergey's Manual of Systematics
of Archaea and Bacteria, edited by M. E. Trujillo, S. Dedysh, P. DeVos,
et al. Wiley. https://doi.org/10.1002/9781118960608.gbm00823.

Hlawatsch, S., C. D. Garbe-Schénberg, F. Lechtenberg, et al. 2002.
“Trace Metal Fluxes to Ferromanganese Nodules From the Western
Baltic Sea as a Record for Long-Term Environmental Changes.”
Chemical Geology 182, no. 2-4: 697-709. https://doi.org/10.1016/S0009
-2541(01)00346-1.

Hlawatsch, S., T. Neumann, C. M. G. van den Berg, M. Kersten, J. Harff,
and E. Suess. 2002. “Fast-Growing, Shallow-Water Ferro-Manganese
Nodules From the Western Baltic Sea: Origin and Modes of Trace
Element Incorporation.” Marine Geology 182, no. 3—-4: 373-387. https://
doi.org/10.1016/S0025-3227(01)00244-4.

Ingri, J., and C. Pontér. 1986. “Iron and Manganese Layering in Recent
Sediments in the Gulf of Bothnia.” Chemical Geology 56: 105-116.
https://doi.org/10.1016/0009-2541(86)90114-2.

Jiang, X., X. Lin, D. Yao, and W. Guo. 2011. “Enrichment Mechanisms of
Rare Earth Elements in Marine Hydrogenic Ferromanganese Crusts.”
Science China Earth Sciences 54: 197-203. https://doi.org/10.1007/s1143
0-010-4070-4.

Jousset, A., C. Bienhold, A. Chatzinotas, et al. 2017. “Where Less May
Be More: How the Rare Biosphere Pulls Ecosystems Strings.” ISME
Journal 11, no. 4: 853-862. https://doi.org/10.1038/ismej.2016.174.

Kaikkonen, L., E. A. Virtanen, K. Kostamo, J. Lappalainen, and A. T.
Kotilainen. 2019. “Extensive Coverage of Marine Mineral Concretions
Revealed in Shallow Shelf Sea Areas.” Frontiers in Marine Science 6:
541. https://doi.org/10.3389/fmars.2019.00541.

Kallmeyer, J., D. C. Smith, A. J. Spivack, and S. D'Hondt. 2008. “New
Cell Extraction Procedure Applied to Deep Subsurface Sediments.”
Limnology and Oceanography: Methods 6: 236-245. https://doi.org/10.
4319/1om.2008.6.236.

Kassambara, A. 2025. “rstatix: Pipe-Friendly Framework for Basic
Statistical Tests (Version 0.7.3) [R Package].” CRAN. https://doi.org/10.
32614/CRAN.package.rstatix.

Keren, R., B. Mayzel, A. Lavy, et al. 2017. “Sponge-Associated Bacteria
Mineralize Arsenic and Barium on Intracellular Vesicles.” Nature
Communications 8, no. 1: 14393. https://doi.org/10.1038/ncomms14393.

Kim, H., J. Ahn, J. Kim, and H.-S. Kang. 2025. “Metagenomic Insights
and Biosynthetic Potential of Candidatus Entotheonella Symbiont
Associated With Halichondria Marine Sponges.” Microbiology Spectrum
13, no. 1: e02355-24. https://doi.org/10.1128/SPECTRUM.02355-24.

Koistinen, J., M. Sjoblom, and K. Spilling. 2020a. “Determining
Inorganic and Organic Phosphorus.” In Biofuels From Algae: Methods
and Protocols, edited by K. Spilling, vol. 1980, 87-94. Humana Press.
https://doi.org/10.1007/7651_2017_104.

Koistinen, J., M. Sjoblom, and K. Spilling. 2020b. “Determining
Inorganic and Organic Nitrogen.” In Biofuels From Algae: Methods and

Protocols, edited by K. Spilling, vol. 1980, 71-80. Humana Press. https://
doi.org/10.1007/7651_2018_128.

Koops, H.-P., and A. Pommerening-Roser. 2015. “Nitrosomonas.” In
Bergey's Manual of Systematics of Archaea and Bacteria, edited by M. E.
Trujillo, S. Dedysh, P. DeVos, et al. Wiley. https://doi.org/10.1002/97811
18960608.gbm00991.

Koroleff, F. 1979. Meriveden Yleisimmdt Kemialliset Analyysimenetelmdit.
No 7. MERI Book.

Kraemer, D., N. Tepe, O. Pourret, and M. Bau. 2017. “Negative Cerium
Anomalies in Manganese (Hydr)Oxide Precipitates due to Cerium
Oxidation in the Presence of Dissolved Siderophores.” Geochimica et
Cosmochimica Acta 196: 197-208. https://doi.org/10.1016/j.gca.2016.
09.018.

Lackner, G., E. E. N. Peters, E. J. N. Helfrich, and J. Piel. 2017. “Insights
Into the Lifestyle of Uncultured Bacterial Natural Product Factories
Associated With Marine Sponges.” Proceedings of the National Academy
of Sciences of the United States of America 114, no. 3: E347-E356. https://
doi.org/10.1073/pnas.1616234114.

Leu, A. O., C. Cai, S. J. Mcllroy, et al. 2020. “Anaerobic Methane
Oxidation Coupled to Manganese Reduction by Members of the
Methanoperedenaceae.” ISME Journal 14, no. 4: 1030-1041. https://doi.
0rg/10.1038/s41396-020-0590-x.

Liebetrau, V., A. Eisenhauer, N. Gussone, G. Worner, B. T. Hansen,
and T. Leipe. 2002. “226 Ra Excess /Ba Growth Rates and U-Th-Ra-Ba
Systematic of Baltic Mn/Fe Crusts.” Geochimica et Cosmochimica Acta
66: 73-83. https://doi.org/10.1016/S0016-7037(01)00766-9.

Lindh, M. V., B. M. Maillot, C. N. Shulse, et al. 2017. “From the
Surface to the Deep-Sea: Bacterial Distributions Across Polymetallic
Nodule Fields in the Clarion-Clipperton Zone of the Pacific Ocean.”
Frontiers in Microbiology 8: 1696. https://doi.org/10.3389/fmicb.2017.
01696.

Liu, H., O. Pourret, H. Guo, R. E. Martinez, and L. Zouhri. 2018.
“Impact of Hydrous Manganese and Ferric Oxides on the Behavior
of Aqueous Rare Earth Elements (REE): Evidence From a Modeling
Approach and Implication for the Sink of REE.” International Journal
of Environmental Research and Public Health 15, no. 12: 2837. https://
doi.org/10.3390/ijerph15122837.

Lyons, K. J., A.-M. Hokajérvi, J. Ikonen, et al. 2021. “Surface Water
Intrusion, Land Use Impacts, and Bacterial Community Composition
in Shallow Groundwater Wells Supplying Potable Water in Sparsely
Populated Areas of a Boreal Region.” Microbiology Spectrum 9: e00179.
https://doi.org/10.1128/Spectrum.00179-21.

Majaméki, R., J. Wasiljeff, L. Purkamo, et al. 2025. “Microbially
Enhanced Growth and Metal Capture by Ferromanganese Concretions
in a Laboratory Experiment.” Geobiology 23, no. 1: €70010. https://doi.
org/10.1111/GBI.70010.

Margolis, S. V., and R. G. Burns. 1976. “Pacific Deep-Sea Manganese
Nodules: Their Distribution, Composition, and Origin.” Annual Review
of Earth and Planetary Sciences 4: 229-263. https://doi.org/10.1146/
annurev.ea.04.050176.001305.

Martin, M. 2011. “Cutadapt Removes Adapter Sequences From High-
Throughput Sequencing Reads.” EMBnet. Journal 17: 10-12. https://doi.
org/10.14806/ej.17.1.200.

McMurdie, P. J., and S. Holmes. 2013. “Phyloseq: An R Package for
Reproducible Interactive Analysis and Graphics of Microbiome Census
Data.” PLoS One 8, no. 4: €61217. https://doi.org/10.1371/journal.pone.
0061217.

Molari, M., F. Janssen, T. R. Vonnahme, F. Wenzhofer, and A. Boetius.
2020. “The Contribution of Microbial Communities in Polymetallic
Nodules to the Diversity of the Deep-Sea Microbiome of the Peru Basin
(4130-4198 m Depth).” Biogeosciences 17, no. 12: 3203-3222. https://doi.
0rg/10.5194/BG-17-3203-2020.

24 of 27

Environmental Microbiology, 2026

85UB017 SUOLULIOD BAIRR1D) 3|cedl|dde auy Ag pausenob a1 Sajo1Le YO 8sn JO SaIn1 10} AR1g1 8UIIUQ AB]IM UO (SUOPUOD-PUE-SUBILIODAB | 1M Afe.q 1 BU1|UO//SONY) SUOIIPUOD PUe SLWLB L 8U3 89S *[9202/80/70] U0 Aelq1 8uljuQ 1M ‘SnsaxereAucuLon] AQ 06€0L 0262-29YT/TTTT OT/IOPALIOY"AB| 1M AReiqBU1|UO'S [UNO =010 ILLOIIAUS//SONY WOy papeojumod ‘L ‘9202 ‘0262297T


https://doi.org/10.3389/fmars.2025.1533654
https://doi.org/10.3389/fmars.2025.1533654
https://doi.org/10.1016/B978-0-08-095975-7.01111-6
https://doi.org/10.1016/j.apgeochem.2019.05.014
https://doi.org/10.1002/9781118960608.gbm00823
https://doi.org/10.1016/S0009-2541(01)00346-1
https://doi.org/10.1016/S0009-2541(01)00346-1
https://doi.org/10.1016/S0025-3227(01)00244-4
https://doi.org/10.1016/S0025-3227(01)00244-4
https://doi.org/10.1016/0009-2541(86)90114-2
https://doi.org/10.1007/s11430-010-4070-4
https://doi.org/10.1007/s11430-010-4070-4
https://doi.org/10.1038/ismej.2016.174
https://doi.org/10.3389/fmars.2019.00541
https://doi.org/10.4319/lom.2008.6.236
https://doi.org/10.4319/lom.2008.6.236
https://doi.org/10.32614/CRAN.package.rstatix
https://doi.org/10.32614/CRAN.package.rstatix
https://doi.org/10.1038/ncomms14393
https://doi.org/10.1128/SPECTRUM.02355-24
https://doi.org/10.1007/7651_2017_104
https://doi.org/10.1007/7651_2018_128
https://doi.org/10.1007/7651_2018_128
https://doi.org/10.1002/9781118960608.gbm00991
https://doi.org/10.1002/9781118960608.gbm00991
https://doi.org/10.1016/j.gca.2016.09.018
https://doi.org/10.1016/j.gca.2016.09.018
https://doi.org/10.1073/pnas.1616234114
https://doi.org/10.1073/pnas.1616234114
https://doi.org/10.1038/s41396-020-0590-x
https://doi.org/10.1038/s41396-020-0590-x
https://doi.org/10.1016/S0016-7037(01)00766-9
https://doi.org/10.3389/fmicb.2017.01696
https://doi.org/10.3389/fmicb.2017.01696
https://doi.org/10.3390/ijerph15122837
https://doi.org/10.3390/ijerph15122837
https://doi.org/10.1128/Spectrum.00179-21
https://doi.org/10.1111/GBI.70010
https://doi.org/10.1111/GBI.70010
https://doi.org/10.1146/annurev.ea.04.050176.001305
https://doi.org/10.1146/annurev.ea.04.050176.001305
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.5194/BG-17-3203-2020
https://doi.org/10.5194/BG-17-3203-2020

Molina-Kescher, M., M. Frank, and E. Hathorne. 2014. “South
Pacific Dissolved Nd Isotope Compositions and Rare Earth Element
Distributions: Water Mass Mixing Versus Biogeochemical Cycling.”
Geochimica et Cosmochimica Acta 127: 171-189. https://doi.org/10.
1016/j.gca.2013.11.038.

Mufimann, M., P. Pjevac, K. Kriiger, and S. Dyksma. 2017. “Genomic
Repertoire of the Woeseiaceae/JTB255, Cosmopolitan and Abundant
Core Members of Microbial Communities in Marine Sediments.”
ISME Journal 11, no. 5: 1276-1281. https://doi.org/10.1038/isme;j.
2016.185.

Muto, H., Y. Takaki, M. Hirali, et al. 2017. “A Simple and Efficient RNA
Extraction Method From Deep-Sea Hydrothermal Vent Chimney
Structures.” Microbes and Environments 32, no. 4: 330-335. https://doi.
org/10.1264/jsme2.ME17048.

Muyzer, G., and A. J. M. Stams. 2008. “The Ecology and Biotechnology
of Sulphate-Reducing Bacteria.” Nature Reviews Microbiology 6, no. 6:
441-454. https://doi.org/10.1038/nrmicrol1892.

Nelson, Y. M., L. W. Lion, W. C. Ghiorse, and M. L. Shuler. 1999.
“Production of Biogenic Mn Oxides by Leptothrix discophora SS-1 in
a Chemically Defined Growth Medium and Evaluation of Their Pb
Adsorption Characteristics.” Applied and Environmental Microbiology
65, no. 1: 175-180. https://doi.org/10.1128/AEM.65.1.175-180.1999.

Neuwirth, E. 2022. “RColorBrewer: ColorBrewer Palettes (R Package
Version 1.1-3).” https://CRAN.R-project.org/package=RColorBrewer.

Oksanen, J., G. Simpson, F. Blanchet, et al. 2025. “vegan: Community
Ecology Package (R Package Version 2.7-1).” https://CRAN.R-project.
org/package=vegan.

Orphan, V. J., K.-U. Hinrichs, W. Ussler III, et al. 2001. “Comparative
Analysis of Methane-Oxidizing Archaea and Sulfate-Reducing Bacteria
in Anoxic Marine Sediments.” Applied and Environmental Microbiology
67, no. 4:1922-1934. https://doi.org/10.1128/AEM.67.4.1922-1934.2001.

Pakhomova, S. V., P. O. J. Hall, M. Y. Kononets, A. G. Rozanov, A.
Tengberg, and A. V. Vershinin. 2007. “Fluxes of Iron and Manganese
Across the Sediment-Water Interface Under Various Redox Conditions.”
Marine Chemistry 107, no. 3: 319-331. https://doi.org/10.1016/j.march
em.2007.06.001.

Piper, D. Z. 1974. “Rare Earth Elements in Ferromanganese Nodules
and Other Marine Phases.” Geochimica et Cosmochimica Acta 38: 1007-
1022. https://doi.org/10.1016/0016-7037(74)90002-7.

Pourmand, A., N. Dauphas, and T. J. Ireland. 2012. “A Novel Extraction
Chromatography and MC-ICP-MS Technique for Rapid Analysis of
REE, Sc and Y: Revising CI-Chondrite and Post-Archean Australian
Shale (PAAS) Abundances.” Chemical Geology 291: 38-54. https://doi.
org/10.1016/j.chemgeo.2011.08.011.

Qin, W., W. Martens-Habbena, J. N. Kobelt, and D. A. Stahl. 2016.
“Candidatus Nitrosopumilus.” In Bergey's Manual of Systematics of
Archaea and Bacteria, edited by M. E. Trujillo, S. Dedysh, P. DeVos,
et al. Wiley. https://doi.org/10.1002/9781118960608.gbm01290.

Quast, C., E. Pruesse, P. Yilmaz, et al. 2013. “The SILVA Ribosomal
RNA Gene Database Project: Improved Data Processing and Web-Based
Tools.” Nucleic Acids Research 41, no. D1: D590-D596. https://doi.org/
10.1093/nar/gks1219.

R Core Team. 2025. R: A Language and Environment for Statistical
Computing. Version 4.5.1 (‘Great Square Root’). R Foundation for
Statistical Computing. https://www.r-project.org/.

Reunamo, A., P. Yli-Hemminki, J. Nuutinen, J. Lehtoranta, and K.
S. Jorgensen. 2017. “Degradation of Crude Oil and PAHs in Iron-
Manganese Concretions and Sediment From the Northern Baltic Sea.”
Geomicrobiology Journal 34: 385-399. https://doi.org/10.1080/01490
451.2016.1197987.

Sherman, D. M., and C. L. Peacock. 2010. “Surface Complexation of cu
on Birnessite (3-MnO,): Controls on Cu in the Deep Ocean.” Geochimica

et Cosmochimica Acta 74, no. 23: 6721-6730. https://doi.org/10.1016/].
£ca.2010.08.042.

Shoham, S., R. Keren, A. Lavy, L. Polishchuk, B. Pokroy, and M. Ilan.
2024. “Out of the Blue: Hyperaccumulation of Molybdenum in the
Indo-Pacific Sponge Theonella Conica.” Science Advances 10, no. 29:
eadn3923. https://doi.org/10.1126/sciadv.adn3923.

Sholkovitz, E.R., T.J.Shaw,and D. L. Schneider. 1992. “The Geochemistry
of Rare Earth Elements in the Seasonally Anoxic Water Column and
Porewaters of Chesapeake Bay.” Geochimica et Cosmochimica Acta 56:
3389-3402. https://doi.org/10.1016/0016-7037(92)90386-W.

Shulga, N., S. Abramov, A. Klyukina, K. Ryazantsev, and S. Gavrilov.
2022. “Fast-Growing Arctic Fe-Mn Deposits From the Kara Sea as the
Refuges for Cosmopolitan Marine Microorganisms.” Scientific Reports
12: 21967. https://doi.org/10.1038/s41598-022-23449-6.

Sjoberg, S., B. Allard, J. E. Rattray, et al. 2017. “Rare Earth Element
Enriched Birnessite in Water-Bearing Fractures, the Ytterby Mine,
Sweden.” Applied Geochemistry 78: 158-171. https://doi.org/10.1016/j.
apgeochem.2016.12.021.

Sjoberg, S., N. Callac, B. Allard, R. H. Smittenberg, and C. Dupraz. 2018.
“Microbial Communities Inhabiting a Rare Earth Element Enriched
Birnessite-Type Manganese Deposit in the Ytterby Mine, Sweden.”
Geomicrobiology Journal 35, no. 8: 657-674. https://doi.org/10.1080/
01490451.2018.1444690.

Slowikowski, K. 2024. “ggrepel: Automatically Position Non-
Overlapping Text Labels With ‘ggplot2’ (R Package Version 0.9.6).”
https://CRAN.R-project.org/package=ggrepel.

Soinne, H., R. Keskinen, M. Riity, et al. 2021. “Soil Organic Carbon and
Clay Content as Deciding Factors for Net Nitrogen Mineralization and
Cereal Yields in Boreal Mineral Soils.” European Journal of Soil Science
72, no. 4: 1497-1512. https://doi.org/10.1111/EJSS.13003.

Sujith, P. P., D. Ramanan, M. J. B. D. Gonsalves, and P. A. LokaBharathi.
2017. “Microbial Activity Promotes the Enrichment of Cobalt Over
Nickel on Hydrogenetic Ferromanganese Crusts.” Marine Georesources
and Geotechnology 35, no. 8: 1158-1167. https://doi.org/10.1080/10641
19X.2017.1298169.

Sun, X., L. F. M. Kop, M. C. Y. Lau, et al. 2019. “Uncultured Nitrospina-
Like Species Are Major Nitrite Oxidizing Bacteria in Oxygen Minimum
Zones.” ISME Journal 13, no. 10: 2391-2402. https://doi.org/10.1038/
$41396-019-0443-7.

Surya Prakash, L., D. Ray, A. L. Paropkari, et al. 2012. “Distribution
of REEs and Yttrium Among Major Geochemical Phases of Marine
Fe-Mn-Oxides: Comparative Study Between Hydrogenous and
Hydrothermal Deposits.” Chemical Geology 312-313: 127-137. https://
doi.org/10.1016/j.chemge0.2012.03.024.

Szamatek, K., S. UScinowicz, and K. Zglinicki. 2018. “Rare Earth
Elements in Fe-Mn Nodules From Southern Baltic Sea - A Preliminary
Study.” Biuletyn Panistwowego Instytutu Geologicznego 199: 199-212.

Thierry, S., S. Dick, S. George, L. Benoit, and P. Cyrille. 2019. “EMODnet
Bathymetry a Compilation of Bathymetric Data in the European
Waters.” OCEANS 2019—Marseille, OCEANS Marseille 2019. https://
doi.org/10.1109/OCEANSE.2019.8867250.

Tominaga, K., H. Takebe, C. Murakami, et al. 2023. “Population-Level
Prokaryotic Community Structures Associated With Ferromanganese
Nodules in the Clarion-Clipperton Zone (Pacific Ocean) Revealed by
16S rRNA Gene Amplicon Sequencing.” Environmental Microbiology
Reports 16, no. 1: e13224. https://doi.org/10.1111/1758-2229.13224.

Tothero, G. K., R. L. Hoover, I. F. Farag, et al. 2024. “Leptothrix ochra-
cea Genomes Reveal Potential for Mixotrophic Growth on Fe(II)
and Organic Carbon.” Applied and Environmental Microbiology 90:
€00599-24. https://doi.org/10.1128/aem.00599-24.

Tully, B. J., and J. F. Heidelberg. 2013. “Microbial Communities
Associated With Ferromanganese Nodules and the Surrounding

Environmental Microbiology, 2026

25 of 27

85UB017 SUOLULIOD BAIRR1D) 3|cedl|dde auy Ag pausenob a1 Sajo1Le YO 8sn JO SaIn1 10} AR1g1 8UIIUQ AB]IM UO (SUOPUOD-PUE-SUBILIODAB | 1M Afe.q 1 BU1|UO//SONY) SUOIIPUOD PUe SLWLB L 8U3 89S *[9202/80/70] U0 Aelq1 8uljuQ 1M ‘SnsaxereAucuLon] AQ 06€0L 0262-29YT/TTTT OT/IOPALIOY"AB| 1M AReiqBU1|UO'S [UNO =010 ILLOIIAUS//SONY WOy papeojumod ‘L ‘9202 ‘0262297T


https://doi.org/10.1016/j.gca.2013.11.038
https://doi.org/10.1016/j.gca.2013.11.038
https://doi.org/10.1038/ismej.2016.185
https://doi.org/10.1038/ismej.2016.185
https://doi.org/10.1264/jsme2.ME17048
https://doi.org/10.1264/jsme2.ME17048
https://doi.org/10.1038/nrmicro1892
https://doi.org/10.1128/AEM.65.1.175-180.1999
https://CRAN.R-project.org/package=RColorBrewer
https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=vegan
https://doi.org/10.1128/AEM.67.4.1922-1934.2001
https://doi.org/10.1016/j.marchem.2007.06.001
https://doi.org/10.1016/j.marchem.2007.06.001
https://doi.org/10.1016/0016-7037(74)90002-7
https://doi.org/10.1016/j.chemgeo.2011.08.011
https://doi.org/10.1016/j.chemgeo.2011.08.011
https://doi.org/10.1002/9781118960608.gbm01290
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gks1219
https://www.r-project.org/
https://doi.org/10.1080/01490451.2016.1197987
https://doi.org/10.1080/01490451.2016.1197987
https://doi.org/10.1016/j.gca.2010.08.042
https://doi.org/10.1016/j.gca.2010.08.042
https://doi.org/10.1126/sciadv.adn3923
https://doi.org/10.1016/0016-7037(92)90386-W
https://doi.org/10.1038/s41598-022-23449-6
https://doi.org/10.1016/j.apgeochem.2016.12.021
https://doi.org/10.1016/j.apgeochem.2016.12.021
https://doi.org/10.1080/01490451.2018.1444690
https://doi.org/10.1080/01490451.2018.1444690
https://CRAN.R-project.org/package=ggrepel
https://doi.org/10.1111/EJSS.13003
https://doi.org/10.1080/1064119X.2017.1298169
https://doi.org/10.1080/1064119X.2017.1298169
https://doi.org/10.1038/s41396-019-0443-7
https://doi.org/10.1038/s41396-019-0443-7
https://doi.org/10.1016/j.chemgeo.2012.03.024
https://doi.org/10.1016/j.chemgeo.2012.03.024
https://doi.org/10.1109/OCEANSE.2019.8867250
https://doi.org/10.1109/OCEANSE.2019.8867250
https://doi.org/10.1111/1758-2229.13224
https://doi.org/10.1128/aem.00599-24

Sediments.” Frontiers in Microbiology 4: 161. https://doi.org/10.3389/
fmicb.2013.00161.

Vanreusel, A., A. Hilario, P. A. Ribeiro, L. Menot, and P. M. Arbizu.
2016. “Threatened by Mining, Polymetallic Nodules Are Required to
Preserve Abyssal Epifauna.” Scientific Reports 6, no. 1: 26808. https://
doi.org/10.1038/srep26808.

Vekeman, B., F.-M. Kerckhof, G. Cremers, et al. 2016. “New
Methyloceanibacter Diversity From North Sea Sediments Includes
Methanotroph Containing Solely the Soluble Methane Monooxygenase.”
Environmental Microbiology 18, no. 12: 4523-4536. https://doi.org/10.
1111/1462-2920.13485.

Viitamiki, S., I. S. Pessi, A.-M. Virkkala, et al. 2022. “The Activity and
Functions of Soil Microbial Communities in the Finnish Sub-Arctic
Vary Across Vegetation Types.” FEMS Microbiology Ecology 98, no. 8:
fiac079. https://doi.org/10.1093/femsec/fiac079.

Virtasalo, J. J., J. Himaildinen, and A. T. Kotilainen. 2014. “Toward
a Standard Stratigraphical Classification Practice for the Baltic Sea
Sediments: The CUAL Approach.” Boreas 43, no. 4: 924-938. https://
doi.org/10.1111/bor.12076.

Virtasalo, J. J., and A. T. Kotilainen. 2008. “Phosphorus Forms and
Reactive Iron in Lateglacial, Postglacial and Brackish-Water Sediments
of the Archipelago Sea (Northern Baltic Sea).” Marine Geology 252: 1-
12. https://doi.org/10.1016/j.margeo.2008.03.008.

Virtasalo, J. J., A. T. Kotilainen, M. E. Rédsédnen, and A. K. Ojala. 2007.
“Late-Glacial and Post-Glacial Deposition in a Large, Low-Relief,
Epicontinental Basin: The Northern Baltic Sea.” Sedimentology 54, no.
6:1323-1344. https://doi.org/10.1111/j.1365-3091.2007.00883.x.

Wasiljeff, J., Y. Lahaye, A. Lehtonen, et al. 2025. “Centennial to
Millennial-Scale Paleoenvironmental Record From a Coastal Iron-
Manganese Concretion.” Communications Earth & Environment 6, no.
1: 771. https://doi.org/10.1038/s43247-025-02741-z.

Wasiljeff, J., J. M. Salminen, A. P. Roberts, et al. 2024. “Morphology-
Dependent Magnetic Properties in Shallow-Water Ferromanganese
Concretions.” Geochemistry, Geophysics, Geosystems 25:
€2023GC011366. https://doi.org/10.1029/2023GC011366.

Wasiljeff, J., C. Yu, P. Heikkild, et al. 2025. “Mineral Phases and Growth
Conditions of Morphologically Diverse Shelfal Ferromanganese
Concretions.” Geochimica et Cosmochimica Acta 400: 227-247. https://
doi.org/10.1016/J.GCA.2025.05.012.

Wickham, H. 2016. ggplot2: Elegant Graphics for Data Analysis.
Springer-Verlag. https://ggplot2.tidyverse.org.

Wickham, H. 2025. “forcats: Tools for Working With Categorical
Variables (Factors) (R Package Version 1.0.1).” https://CRAN.R-project.
org/package=forcats.

Wickham, H., R. Francois, L. Henry, K. Miiller, and D. Vaughan. 2023.
“dplyr: A Grammar of Data Manipulation (R Package Version 1.1.4).”
https://CRAN.R-project.org/package=dplyr.

Wickham, H., D. Vaughan, and M. Girlich. 2024. “tidyr: Tidy Messy
Data (R Package Version 1.3.1).” https://CRAN.R-project.org/package=
tidyr.

Widerlund, A.,and J. Ingri. 1996. “Redox Cycling of Iron and Manganese
in Sediments of the Kalix River Estuary, Northern Sweden.” Aquatic
Geochemistry 2:185-201. https://doi.org/10.1007/BF00121631.

Wilke, C. O. 2025. “cowplot: Streamlined Plot Theme and Plot
Annotations for ‘ggplot2’ (R Package Version 1.2.0).” https://cran.r-
project.org/package=cowplot.

Williams, T. J., C. T. Lefevre, W. Zhao, T. J. Beveridge, and D. A.
Bazylinski. 2012. “Magnetospira thiophila Gen. Nov., sp. Nov., a Marine
Magnetotactic Bacterium That Represents a Novel Lineage Within
the Rhodospirillaceae (Alphaproteobacteria).” International Journal
of Systematic and Evolutionary Microbiology 62, no. 10: 2443-2450.
https://doi.org/10.1099/1JS.0.037697-0/CITE/REFWORKS.

Winterhalter, B. 2004. “Ferromanganese Concretions in the Gulf
of Bothnia.” In Mineral Resources of the Baltic Sea—Exploration,
Exploitation and Sustainable Development, edited by J. Harff, E.
Emelyanov, M. Schmidt-Thome, and M. Spiridonov, 199-212. Zeitschrift
fur Angewandte Geologie.

Wright, M. H., K. Geszvain, V. E. Oldham, G. W. Luther, and B. M.
Tebo. 2018. “Oxidative Formation and Removal of Complexed Mn(III)
by Pseudomonas Species.” Frontiers in Microbiology 9: 352243. https://
doi.org/10.3389/FMICB.2018.00560.

Yamabe, S., K. Yoshitake, A. Ninomiya, et al. 2024. “Metagenomic
Insights Reveal Unrecognized Diversity of Entotheonella in Japanese
Theonella Sponges.” Marine Biotechnology 26, no. 5: 1009-1016. https://
doi.org/10.1007/s10126-024-10350-8.

Yli-Hemminki, P., K. S. Jorgensen, and J. Lehtoranta. 2014. “Iron-
Manganese Concretions Sustaining Microbial Life in the Baltic Sea:
The Structure of the Bacterial Community and Enrichments in Metal-
Oxidizing Conditions.” Geomicrobiology Journal 31, no. 4: 263-275.
https://doi.org/10.1080/01490451.2013.819050.

Yli-Hemminki, P., T. Sara-Aho, K. S. Jorgensen, and J. Lehtoranta.
2016. “Iron-Manganese Concretions Contribute to Benthic Release
of Phosphorus and Arsenic in Anoxic Conditions in the Baltic Sea.”
Journal of Soils and Sediments 16, no. 8: 2138-2152. https://doi.org/10.
1007/S11368-016-1426-1.

Zhamoida, V., A. Grigoriev, D. Ryabchuk, et al. 2017. “Ferromanganese
Concretions of the Eastern Gulf of Finland—Environmental Role and
Effects of Submarine Mining.” Journal of Marine Systems 172: 178-187.
https://doi.org/10.1016/j.jmarsys.2017.03.009.

Zhamoida, V. A., I. A. Popova, and W. P. Butylin. 1996. “The Nature of
Ferromanganese Concretions From the Eastern Gulf of Finland, Baltic
Sea.” Marine Georesources & Geotechnology 14, no. 2: 161-176. https://
doi.org/10.1080/10641199609388309.

Zhang, F. S, C. Y. Lin, L. Z. Bian, G. P. Glasby, and V. A. Zhamoida.
2002. “Possible Evidence for the Biogenic Formation of Spheroidal
Ferromanganese Concretions From the Eastern Gulf of Finland, the
Baltic Sea.” Baltica 15, no. 1: 23-29.

Zhang, L.-M., F. Liu, W.-F. Tan, X.-H. Feng, Y.-G. Zhu, and J. He. 2008.
“Microbial DNA Extraction and Analyses of Soil Iron-Manganese
Nodules.” Soil Biology and Biochemistry 40, no. 6: 1364-1369. https://
doi.org/10.1016/j.s0ilbio.2007.01.004.

Zhang, Y., P. Yao, C. Sun, et al. 2021. “Vertical Diversity and Association
Pattern of Total, Abundant and Rare Microbial Communities in Deep-
Sea Sediments.” Molecular Ecology 30, no. 12: 2800-2816. https://doi.
0rg/10.1111/MEC.15937;PAGE:STRING:ARTICLE/CHAPTER.

Zumft, W. G.1997. “Cell Biology and Molecular Basis of Denitrification.”
Microbiology and Molecular Biology Reviews 61, no. 4: 533-616. https://
doi.org/10.1128/mmbr.61.4.533-616.1997.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Table S1: Composition of artificial
brackish seawater of the Gulf of Finland. Fe and Mn concentrations were
increased 30-fold. Table S2: Measured concentrations (ppb or pg/L) of
trace elements and rare earth elements (REE) in artificial brackish sea-
water. REEs below detection limits are marked as < [concentration].
Table S3: Normalised methane CH,, carbon dioxide CO,, nitrous oxide
N, O and oxygen O, concentrations (ppm) from the headspace of micro-
cosm bottles at week-0 and week-15 from site 1 (crust), site 2 (discoidal)
and site 3 (spheroidal). Table S4: Original element concentrations
(ng/L) from the incubation solution of microcosms in site 1 (crust), site
2 (discoidal), and site 3 (spheroidal). AO-CO = Dbiotic triplicates at 0-week,
A15-C15=biotic triplicates at 15-week, CTRLO=abiotic control at 0-
week, CTRL15 =abiotic control at 15-week. Table S5: Normalised ele-
ment concentrations (ug/L) from site 1 (crust), site 2 (discoidal), and site
3 (spheroidal). Normalised concentrations were calculated by dividing

26 of 27

Environmental Microbiology, 2026

85UB017 SUOLULIOD BAIRR1D) 3|cedl|dde auy Ag pausenob a1 Sajo1Le YO 8sn JO SaIn1 10} AR1g1 8UIIUQ AB]IM UO (SUOPUOD-PUE-SUBILIODAB | 1M Afe.q 1 BU1|UO//SONY) SUOIIPUOD PUe SLWLB L 8U3 89S *[9202/80/70] U0 Aelq1 8uljuQ 1M ‘SnsaxereAucuLon] AQ 06€0L 0262-29YT/TTTT OT/IOPALIOY"AB| 1M AReiqBU1|UO'S [UNO =010 ILLOIIAUS//SONY WOy papeojumod ‘L ‘9202 ‘0262297T


https://doi.org/10.3389/fmicb.2013.00161
https://doi.org/10.3389/fmicb.2013.00161
https://doi.org/10.1038/srep26808
https://doi.org/10.1038/srep26808
https://doi.org/10.1111/1462-2920.13485
https://doi.org/10.1111/1462-2920.13485
https://doi.org/10.1093/femsec/fiac079
https://doi.org/10.1111/bor.12076
https://doi.org/10.1111/bor.12076
https://doi.org/10.1016/j.margeo.2008.03.008
https://doi.org/10.1111/j.1365-3091.2007.00883.x
https://doi.org/10.1038/s43247-025-02741-z
https://doi.org/10.1029/2023GC011366
https://doi.org/10.1016/J.GCA.2025.05.012
https://doi.org/10.1016/J.GCA.2025.05.012
https://ggplot2.tidyverse.org
https://CRAN.R-project.org/package=forcats
https://CRAN.R-project.org/package=forcats
https://CRAN.R-project.org/package=dplyr
https://CRAN.R-project.org/package=tidyr
https://CRAN.R-project.org/package=tidyr
https://doi.org/10.1007/BF00121631
https://cran.r-project.org/package=cowplot
https://cran.r-project.org/package=cowplot
https://doi.org/10.1099/IJS.0.037697-0/CITE/REFWORKS
https://doi.org/10.3389/FMICB.2018.00560
https://doi.org/10.3389/FMICB.2018.00560
https://doi.org/10.1007/s10126-024-10350-8
https://doi.org/10.1007/s10126-024-10350-8
https://doi.org/10.1080/01490451.2013.819050
https://doi.org/10.1007/S11368-016-1426-1
https://doi.org/10.1007/S11368-016-1426-1
https://doi.org/10.1016/j.jmarsys.2017.03.009
https://doi.org/10.1080/10641199609388309
https://doi.org/10.1080/10641199609388309
https://doi.org/10.1016/j.soilbio.2007.01.004
https://doi.org/10.1016/j.soilbio.2007.01.004
https://doi.org/10.1111/MEC.15937;PAGE:STRING:ARTICLE/CHAPTER
https://doi.org/10.1111/MEC.15937;PAGE:STRING:ARTICLE/CHAPTER
https://doi.org/10.1128/mmbr.61.4.533-616.1997
https://doi.org/10.1128/mmbr.61.4.533-616.1997

the original concentrations (Table S4) by measured concentrations of
artificial seawater (Table S2). A0-CO=biotic triplicates at 0-week, A15-
C15=biotic triplicates at 15-week, CTRLO=abiotic control at 0-week,
CTRL15=abiotic control at 15-week. Table S6: Differences (ug/L)
between the 0-week and 15-week incubation from site 1 (crust), site 2
(discoidal), and site 3 (spheroidal). The differences were calculated as
relative changes using normalised concentrations (Table S5): the mean
0-week value was subtracted from the mean 15-week value, and divided
by the mean 0-week value. Table S7: Original concentrations (ug/L)
of the elements that were precipitated on bottle walls after 15weeks of
incubation from site 1 (crust), site 2 (discoidal), and site 3 (spheroidal).
A-15-C-15=biotic triplicates at 15-week, CTRL-15=abiotic control at
15-week. Table S8: Original REE concentrations (ppb) from the incuba-
tion solution of microcosms in site 1 (crust), site 2 (discoidal), and site 3
(spheroidal). AO-CO0 =biotic triplicates at 0-week, A15-C15 =biotic trip-
licates at 15-week, CTRLO = abiotic control at 0-week, CTRL15 = abiotic
control at 15-week. Table S9: REE concentrations from the incuba-
tion solution, normalised to Post-Archean Australian Shale (PAAS).
Normalised concentrations were calculated by dividing each (mean)
original concentration by the corresponding PAAS value. Table S10:
Original REE concentrations (ppb) that were precipitated on bottle
walls after 15weeks of incubation from site 1 (crust), site 2 (discoidal),
and site 3 (spheroidal). A-15-C-15 =biotic triplicates at 15-week, CTRL-
15=abiotic control at 15-week. Table S11: Normalised REE concen-
trations (ppb) that were precipitated on bottle walls after 15weeks of
incubation from site 1 (crust), site 2 (discoidal), and site 3 (spheroidal).
Concentrations were normalised to Post-Archean Australian Shale
(PAAS) by dividing each (mean) original concentration by the corre-
sponding PAAS value. Table S12: Nitrate-+nitrite, total nitrogen, and
phosphate concentrations (ug/L) from the Artificial brackish seawater
and from the incubation solution of microcosms in site 1 (crust), site 2
(discoidal), and site 3 (spheroidal). A-15-C-15=biotic triplicates at 15-
week. Table S13A: Shannon diversity index (H') values from fluffy,
sediment, and Fe-Mn concretion samples collected immediately after
sampling (intrinsic) in 2023. Samples are arranged based on collected
environment. Table S13B: Shannon diversity index (H') values from
flufty, sediment, and Fe-Mn concretion samples collected immediately
after sampling (intrinsic) in 2022. Samples are arranged based on the
collected environment. Table S14: Shannon diversity index (H’) values
from -Mn concretion samples collected from incubation experiments in
2023 and 2022. Samples are arranged based on the site. Table S15A:
ANOVA and Tukey HSD post hoc comparisons of Shannon diversity
between environments from 2023 and 2022. Diff = difference in means,
Iwr and upr = confidence levels, adj. p=adjusted p values for all possible
pairs. Table S15B: ANOVA and Tukey HSD post hoc comparisons of
Shannon diversity between morphotypes from incubation experiment
in 2023. Welch's ANOVA, followed by Games-Howell post hoc com-
parisons were done from 2022 experiment. Diff =difference in means,
Iwr and upr=confidence levels, adj. p=adjusted p values for all pos-
sible pairs. Table S16: PERMANOVA results based on Bray-Curtis
distances from intrinsic fluffy, sediment, and Fe-Mn concretion sam-
ples in 2023 and 2022. P_adj_BH =Benjamini-Hochberg. Table S17:
PERMANOVA results based on Bray-Curtis distances from Fe-Mn con-
cretion samples collected from incubation experiments and envfit re-
sults from each element. Elements are arranged based on their adjusted
p value. P_adj_BH =Benjamini-Hochberg.
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