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Abstract
Particulate Mn, given its high adsorptive capacity and oxidation potential, has profound impacts on the

cycling of various trace elements and organic matter in the ocean. Moreover, particulate Mn acts as a sink (via
oxidation and adsorption) or as a source (via remineralization and photoreduction) term of bioactive dissolved
Mn(II). In the Canadian Arctic Ocean, particulate Mn distributions in the water column revealed the presence
of distinctively high particulate Mn concentrations and an overwhelming dominance of the non-lithogenic
component to the bulk particulate Mn pool. This phenomenon is of particular importance in halocline waters
in the Canada Basin, the Canadian Arctic Archipelago and Baffin Bay, and near-bottom samples in Baffin Bay.
Enhanced microbially-mediated Mn oxidation in the water column is suggested as the main mechanism driving
the non-lithogenic dominance. Indeed, the microbial community composition data associated with high
non-lithogenic particulate Mn (i.e., Mn oxides) display a high relative abundance of taxa (e.g., f.Pirellulaceae,
o.Phycisphaerales, f.Cryomorphaceae, g. Moritella) that have been identified in Mn oxide enriched environ-
ments. Furthermore, numerous taxa identified in the Canada Basin halocline water, where non-lithogenic
particulate Mn peaked, are phylogenetically related to known (cultured) Mn-oxidizing bacteria (MnOB;
e.g., Rhodobacteraceae, Oceanospirillaceae, Rhizobiaceae, and other Alphaproteobacteria). Putative MnOB appears
to proliferate in certain water masses having a unique set of environmental conditions: low light intensity—
alleviating photoinhibition—and high dissolved Mn concentrations, the main drivers known to influence MnOB
dynamic, and hence, Mn oxidation.

Manganese (Mn) is an important micronutrient for phyto-
plankton, as well as prokaryotic microbes, acting as an enzyme
co-factor in various intracellular pathways, such as the water-
oxidizing complex of photosystem II and the Mn-containing
superoxide dismutases (Morel et al. 2013). Given its biological
importance, dissolved Mn can limit and/or co-limit (along

with iron) biological productivity when this micronutrient is
scarce (Middag et al. 2013; Pausch et al. 2019). In addition,
authigenic particulate Mn phases as oxides, hydroxides, and
oxyhydroxides (i.e., hereafter referred to collectively as Mn
oxides) are some of the strongest oxidants in marine waters,
modulating the fate of redox-sensitive trace elements and
recalcitrant organic matter (Tebo et al. 2004; Hansel 2017).
Mn oxides, given their high sorptive capacities, are also strong
scavengers, and thus, they regulate the distributions of many
particle-reactive trace elements in the ocean (Tebo et al. 2004).

Both particulate and dissolved Mn are delivered to the
ocean by means of river discharge (Middag et al. 2011;
Colombo et al. 2019a), reductive supply from suboxic or
anoxic sediments (Vieira et al. 2019; Jensen et al. 2020), atmo-
spheric deposition (Mahowald et al. 2018), sea ice melt
(Marsay et al. 2018; Rogalla et al. 2022), and hydrothermal
vents (Middag et al. 2011; Fitzsimmons et al. 2017). In the
water column, Mn is cycled among its most prevalent oxida-
tion states (II, III, IV) depending on specific environmental
conditions (e.g., oxygen levels, pH, microbial community
structure), which in turn control their partition between solu-
ble and particulate phases (Tebo et al. 2004). In its reduced
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state, thermodynamically favored under low pH and oxidation
potential conditions, Mn(II) is mostly soluble (dissolved Mn)
and bioavailable, whereas the oxidized species Mn(III, IV)
are insoluble, constituting a large fraction of the particulate
Mn pool in oceanic waters (Tebo et al. 2004, 2010; Lam
et al. 2018; Xiang and Lam 2020). The trivalent Mn species
are not stable, disproportionating rapidly to Mn(II) and
Mn(IV); however, recent studies have reported the presence of
organic ligands stabilizing and solubilizing Mn(III) (Oldham
et al. 2017; Wright et al. 2018). Moreover, inorganic transient
stabilization of Mn(III) by pyrophosphate complexation has
been described in laboratory experiments and inferred in field
studies (Webb et al. 2005; Pakhomova et al. 2009). Abiotic oxi-
dation of Mn is favored in most oceanic waters, nonetheless,
this reaction has an extremely low kinetic rate, compared to
biologically-mediated oxidation, and hence, microbes (bacte-
ria and fungi) are considered the most important drivers of
Mn oxidation and precipitation in aquatic environments
(Cowen and Silver 1984; Dick et al. 2006; Hansel 2017).

Bacteria with Mn-oxidizing ability are phylogenetically
diverse and environmentally widespread, and their activity
has been described in a wide range of environments (freshwa-
ter, seawater, sediments, and soils; see Hansel 2017 and refer-
ences therein). Bacterial Mn oxidation is carried out directly
by multicopper oxidases and heme peroxidases, or indirectly
through the enzymatic generation of extracellular superoxide
radicals (Hansel 2017). Manganese oxidation reactions are
energetically favorable, and hence, Mn-oxidizing bacteria
(MnOB) could potentially benefit directly from these reactions
as an energy source. Indeed, a recent laboratory study has
demonstrated that Mn(II) oxidation drives lithotrophic energy
metabolism and growth in a co-culture of two microbial spe-
cies, as they couple extracellular Mn oxidation to aerobic
energy conservation and autotrophic CO2 fixation (Yu and
Leadbetter 2020). In addition, MnOB could also benefit from
the ability of manganese oxides to promote the degradation of
a wide range of complex organics (i.e., refractory organic mat-
ter, humic, etc.), the scavenging of essential trace elements,
and by gaining protection from toxic heavy metals, predation,
and oxidative damage by the Mn oxides coatings (Tebo
et al. 2004, 2010, and references therein).

Considering the importance of particulate Mn in modulat-
ing the cycling of other trace elements and organic matter, and
the fact that particulate Mn is a source/sink component of bio-
available Mn(II), the study of particulate Mn concentrations
and factors controlling its distribution in the ocean is a key
endeavor of international research programs such as
GEOTRACES. In recent years, great advances have been made
mapping particulate Mn distribution in all major ocean basins
and investigating its biogeochemical cycle (Lee et al. 2018;
Xiang and Lam 2020; GEOTRACES Intermediate Data Product
Group 2021). Overall, particulate Mn concentrations are
generally at picomolar levels, with the lowest concentrations
usually at the surface, due to the combined effect of

photoreductive dissolution of Mn oxides and photo-inhibition
of MnOB (Lam et al. 2015, 2018; van Hulten et al. 2017). This
relatively uniform and low background particulate Mn distribu-
tion is interrupted by particulate Mn hotspots, associated with,
for example, hydrothermal inputs, lithogenic particles (riverine
and sediment resuspension), and redox cycling above reducing
sediment (Lam et al. 2015; Fitzsimmons et al. 2017; Morton
et al. 2019). Among oceanographic regions where particulate
Mn data are available, the Canadian Arctic Ocean displayed
considerably high Mn oxide concentrations, with sharp peaks
along halocline waters (Xiang and Lam 2020; Colombo
et al. 2022). Geochemical data, along with timescale analysis of
halocline water circulation, suggested that the high particulate
Mn feature in the winter Bering Sea Water in the Canada Basin
and in the Arctic Water in Baffin Bay are related to enhanced
bacterially-mediated Mn oxide precipitation within the water
column (Colombo et al. 2022). These subsurface halocline
waters (winter Bering Sea Water and Arctic Water) have the
potential to carry large amounts of Mn oxides, given their dis-
tinctive environmental conditions (i.e., low light and elevated
dissolved Mn concentrations advected from shallow shelves)
and the entrainment of sedimentary MnOB (i.e., due to their
close interaction with the seafloor; Colombo et al. 2022).

However, microbial community composition data are still
lacking to elucidate the role of MnOB in driving particulate
Mn distribution in the Canadian Arctic Ocean. This study
integrates recently published particulate Mn data from the
deep Canadian Arctic Ocean basins (Colombo et al. 2022) and
the Canadian Arctic Archipelago (Colombo et al. 2021) with
new data on the genetic diversity of these microbial commu-
nities aiming to understand the integral cycle of particulate
Mn in the Canadian Arctic Ocean. The mechanisms by which
halocline waters are enriched in non-lithogenic particulate
Mn and the key environmental factors correlated with MnOB
community composition, and consequently Mn oxides distri-
bution, are also discussed.

Methods
Particulate trace element sampling and analysis

Vertical profiles of particulate Mn were collected at 17 sta-
tions during the 2015 Canadian GEOTRACES Arctic Expedi-
tion (10 July 2015 to 01 October 2015) on board CCGS
Amundsen (Fig. 1). Four basins were sampled in this expedi-
tion including the Canada Basin (Stas. CB2, CB3, and CB4),
the Canadian Arctic Archipelago (Stas. CB1, CAA1, CAA3–
CAA9), Baffin Bay (Stas. BB1–BB3), and the Labrador Sea (Stas.
LS2 and K1). The sampling and analytical procedures of partic-
ulate Mn analyses are fully described in Colombo et al. (2022).
In brief, a trace metal clean sampling system equipped with
twelve 12 L Teflon-coated GO-FLO bottles (General Oceanics)
was employed to collect seawater samples for particulate Mn
and other trace element elements. The GO-FLO bottles were
then transferred to a portable trace metal clean sampling van,
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where the seawater was collected into LDPE cubitainers (Bel-
Art and Nalgene), followed by the filtration step, which was
carried out inside a HEPA-filtered clean air bubble, using a
0.45 μm, 47 mm diameter Supor filter (Pall). The free-living

microbial community (� 0.5–1 μm), besides particle-associated
microbes, are most probably collected with the filter pore size
(0.45 μm) employed for particulate Mn sampling (Cowen and
Silver 1984; Kellogg and Deming 2009). After filtration, the

Fig. 1. Stations sampled for particulate Mn and DNA during the Canadian Arctic GEOTRACES cruises (GN02 and GN03), alongside bathymetry and a
schematic of halocline Arctic water circulation (blue arrow; after Aksenov et al. 2011; Kondo et al. 2016). DNA sample collection was performed following
standard procedures (yellow/black-edged rectangles) and from punches from dry filters (cyan-blue/black-edged rectangles). For details regarding DNA
sampling collection, please refer to the Methods section. Canada Basin stations: CB2–CB4, Canadian Arctic Archipelago stations: CB1 and CAA1–CAA9,
Baffin Bay stations: BB1–BB3, Labrador Sea stations: LS2 and K1. Landmarks and straits of the Canadian Arctic Archipelago are displayed in the inset; MS:
M’Clure Strait, VS: Viscount Melville Sound, BS: Barrow Strait, LS: Lancaster Sound NS: Nares Strait, JS: Jones Sound. Parry Channel is the main pathway
in the central Canadian Arctic Archipelago, connecting M’Clure Strait with Lancaster Sound.
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filters were dried and stored in poly bags until further particu-
late trace element analysis. Containers and apparatus were
cleaned according to GEOTRACES protocols.

At the University of British Columbia (UBC), the dry filters
were completely digested in class 1000 laboratories and under
class 100 laminar flow fume hoods following the protocol
described by Ohnemus et al. (2014). All the plasticware used
during filter digestion and sample preparation was cleaned
according to GEOTRACES protocols. Filters were placed in
15 mL Teflon vials (Savillex) and then digested in a heated
(110�C; 60–120 min) Teflon block using a mixture of concen-
trated sulfuric acid (1.2 mL H2SO4) and hydrogen peroxide
(0.4 mL H2O2) to completely dissolve the organic fraction and
the Supor filters. The vials were then placed in the Teflon
block and the solution was dried at 245�C. The remaining
materials were digested (110�C) for 4 h using a concentrated
acid mixture of nitric acid–hydrochloric acid–hydrofluoric acid
(HNO3, HCl, and HF), and then taken to dryness. All reagents
used in the digestion and subsequent sample preparation,
including the four acids and H2O2, were Optima grade (Fisher
Scientific). Final pellets were resuspended in 1% HNO3 spiked
with 10 ppb Indium, as an internal standard. The samples were
diluted and then analyzed in the Pacific Centre for Isotopic and
Geochemical Research at UBC, using a high-resolution Thermo
Finnigan Element2 ICP-MS. A medium mass resolution was
selected for Mn to remove isobaric interferences. The quantifica-
tion was achieved from a 12-point calibration curve prepared in
1% trace metal grade HNO3 with 10 ppb Indium. This method
yielded a filter blank concentration (Supor 0.45 μm; n = 3) of
48 � 1.4 pmol filter�1 and an accuracy, calculated by analyzing
the BCR 414 certified reference material (n = 4), of 97%. The rel-
ative standard deviation (1RSD) was 14%. In addition, results
from GEOTRACES inter-comparison exercise, including flow
through blank filters, particulate samples collected at 45 m at
the SAFe station and at 130 m in the Santa Barbara Basin, are
presented in Supporting Information Table S1.

Non-lithogenic particulate Mn (i.e., excess of particulate
Mn over lithogenic sources) was estimated as total parti-

culate Mn� total particulateMn� particulate Al
particulate Mn

� �
sample

� particulate Mn
particulate Al

� �
UCC

� �
,

where particulate Mn
particulate Al

� �
UCC

is the upper continental crust ratio

retrieved from Rudnick and Gao (2013) and particulate Al con-
centration data from the samples was retrieved from Colombo
et al. (2021, 2022); estimated negative non-lithogenic values
were set to 0.

Environmental DNA samples
Environmental DNA sample collection

DNA material was sampled from water collected, using a reg-
ular rosette equipped with Niskin bottles, in the Labrador Sea
(LS2, K1), Baffin Bay (BB1–BB3), and the Canadian Arctic Archi-
pelago (CAA1, CAA4–CAA7), during the same sampling event
as that of particulate trace elements (Fig. 1), and at depths
matching particulate Mn samples. Immediately after collection,

four liters of seawater were filtered through in-line 47 mm poly-
carbonate filters of 3-μm pore size, using a peristaltic pump.
The filters were placed in screwcap microcentrifuge tubes and
immediately stored at �80�C until processed in LaRoche’s labo-
ratory at Dalhousie University. Given sampling constraints, the
three DNA samples from the Canada Basin were not collected
as described above, but instead, they were obtained from
punches of three dry filters (0.8 μm, 142 mm diameter poly-
ethersulfone membrane filters, dried at � 60�C for 48 h on
board), obtained from large volume water filtration with
MacLane pumps (courtesy of Dr. Diana Varela, Univ. of
Victoria) at depths matching the particulate Mn peak in winter
Bering Sea Water (Sta. CB2: 140 m; CB3: 180 m; CB4: 220 m).

All DNA samples (i.e., from the Labrador Sea, Baffin Bay,
the Canadian Arctic Archipelago, and the Canada Basin) were
extracted with Qiagen DNAeasy extraction kits according to
the protocol provided by the supplier, and as previously
described by Zorz et al. (2019). DNA concentrations were mea-
sured with a Nanodrop instrument and the DNA sample was
aliquoted for Illumina DNA sequencing of the V4-V5 variable
region of the 16S rRNA gene (Parada et al. 2016).

16S rRNA gene amplicon sequencing and statistical analysis
Highly multiplexed V4-V5 16S rRNA variable regions read

were processed using the Amplicon sequencing Standard
Operating Procedure following the Microbiome Helper
workflow and scripts (https://github.com/LangilleLab/
microbiome_helper/wiki/16S-Bacteria-and-Archaea-Standard-
Operating-Procedure; Comeau et al. 2017). In summary, paired-
end Illumina reads were stitched together using the program
Pear (Zhang et al. 2014) and filtered by quality score and length
using the FastX software suite (http://hannonlab.cshl.edu/
fastx_toolkit/). Chimeric sequences were removed using
Vsearch (Rognes et al. 2016). The cleaned and filtered reads
were then clustered into Operational Taxonomic Units (OTUs)
using the pick_open_reference_otus.py script from QIIME
(Caporaso et al. 2010), by comparing them against the
GreenGenes 16S rRNA database (DeSantis et al. 2006) at an
identity threshold of 97%. The OTUs were filtered to remove
OTUs that occurred in less than 15 samples (minimum occur-
rence) or OTUs that had less than 0.01% of the total reads,
resulting in a total of 737 OTUs from 66 DNA samples for
which particulate Mn data were available. The three DNA sam-
ples from the Canada Basin extracted from dry filters were
processed similarly through the pipeline, however, they were
not included in the correlation analysis between particulate Mn
and microbial community structure nor in the bidirectional
hierarchical clustering analysis, because the filter type, pore
size, and sample collection were different.

Correlation network construction. The OTU counts and
the particulate Mn measurements for the 66 samples were
used to generate a correlation network using four different
metrics (Spearman’s correlation, Pearson’s correlation, Bray–
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Curtis distance, and Kullback–Leibler distance) by the plugin
CoNet (Faust and Raes 2016) in the program Cytoscape
(Shannon et al. 2003). From this network, 66 OTUs that were
correlated (both positive and negative) with particulate Mn con-
centrations were further analyzed for their occurrence patterns.

Non-parametric statistical analysis. Based on a bidirectional
hierarchical clustering of the particulate Mn-associated OTUs,
the samples were divided into two groups designated as
HighMn and LowMn, based on the mean particulate Mn con-
centrations in these groups. The non-parametric multivariate
test for analysis of similarity (ANOSIM) was used to investigate
whether the microbial community composition (distribution
of OTUs) in the HighMn and LowMn groups were signifi-
cantly different, and then, the Simper routine was employed
to identify the discriminating OTUs between these groups.
These analyses were performed using the program PrimerE v6
(Clarke and Gorley 2006). All additional analyses and plotting
were done using R and Python 3.6.0. programming languages.

Results and discussion
The novel genomic and microbial community structure

dataset (OTUs relative abundance distributions) from the Cana-
dian Arctic Ocean (Research Data Electronic Annex, Supporting
Information Tables SRD1–SRD4) presented in this study,
together with particulate Mn data (Supporting Information
Table SRD5), retrieved from Colombo et al. (2021, 2022), fur-
ther expands our knowledge on the potential role of MnOB in
modulating the cycling of Mn in the Canadian Arctic Ocean.

Particulate manganese distributions and composition
across the Canadian Arctic Ocean

Distributions of total particulate Mn in the deep Canada
Basin (Stas. CB2, CB3, and CB4) and Baffin Bay (Stas. BB1,
BB2, and BB3) shared similar features. The lowest concentra-
tions (Canada Basin: 418 � 259 pmol L�1 and Baffin Bay:
460 � 139 pmol L�1) were measured in the upper 25 m
(i.e., Canada Basin σθ < 23.5; Baffin Bay σθ < 26.3), where
particulate Mn represent only 1.7–19.6% of the total Mn pool
(particulate + dissolved Mn; Fig. 2). Below surface waters,
total particulate Mn concentrations sharply increased within
halocline waters, both in the winter Bering Sea Water in the
Canada Basin (z = � 100–300 m and σθ = 25.9–27.1) and in the
Arctic Water in Baffin Bay (z = �40–180 m and σθ = 26.3–27.1),
reaching concentrations as high as 5127 and 2083 pmol L�1,
respectively (Fig. 2). Interestingly, along with the particulate
Mn peak, there is a rapid shift of the Mn pool dominant frac-
tion, with particulate Mn accounting for 51.2–74.1% of the
total Mn (particulate + dissolved Mn) in the winter Bering Sea
Water and 30.8–58.5% in Arctic Water (Baffin Bay; Fig. 2).
Although the particulate Mn fraction was still the dominant
phase (particulate Mn = 51.9–93.2% of total Mn; Fig. 2) in the
Canada Basin and Baffin Bay deep waters (σθ > 27.1), total par-
ticulate Mn concentrations were lower than those in the

halocline waters. In Baffin Bay, total particulate Mn concentra-
tions peaked in near-bottom waters, particularly at Stas. BB3
and BB1 (4849 and 10,818 pmol L�1, respectively; Fig. 2). An
overwhelming dominance of non-lithogenic particulate Mn
(i.e., not derived from crustal weathering) is another notable fea-
ture observed in the Canada Basin and Baffin Bay (Fig. 2), espe-
cially in the winter Bering Sea Water (> 97% of total particulate
Mn) and Arctic Water in Baffin Bay (> 90%). This excess of par-
ticulate Mn over the lithogenic component is attributed to
microbially-mediated authigenic Mn(III, IV) oxide formation in
slope regions and the ocean interior (Colombo et al. 2022).

The Canadian Arctic Archipelago (Stas. CB1, CAA1, and
CAA3–CAA9) is a dynamic environment where sediment
resuspension events, river water inputs, glaciers, and glacially-
fed streams are ubiquitous, exerting an important control on
trace metal geochemistry (Colombo et al. 2019a, 2020). As
such, total particulate Mn concentrations in the Canadian
Arctic Archipelago reflect the heterogeneity of sources and
processes in this region. In the tranquil western Canadian Arc-
tic Archipelago (Stas. CB1 and CAA8), total particulate Mn
profiles resemble those of inflowing Canada Basin waters,
though with diminished concentrations, exhibiting a domi-
nance of the particulate phase with increasing depth below
surface waters, and no benthic enrichment (Fig. 2). Unlike
western CAA, the stations located east of Barrow Strait, where
sediment resuspension and dissolved Mn concentrations are
significantly higher (Colombo et al. 2020, 2021), displayed a
clear benthic enrichment signature, with total particulate Mn
concentrations increasing rapidly with depth below � 50 m
(σθ > 25.5; Fig. 2). However, the non-lithogenic particulate Mn
component of the stations located in Penny Strait (Sta. CAA9),
Barrow Strait (Sta. CAA6), and northern Lancaster Sound (Sta.
CAA1, close to Devon glaciers) is negligible (i.e., lithogenic
dominated), and contrast with the other stations located east
of Barrow Strait (Stas. CAA4, CAA5, CAA7, and CAA3), where
non-lithogenic particulate Mn concentrations are greater
(Fig. 2). This difference is attributed to sediment-laden melt-
water runoff and subglacial discharges from Devon glaciers,
impacting specially the Sta. CAA1, delivering lithogenic-
derived particles (Colombo et al. 2019b, 2021), and enhancing
water column mixing at the Stas. CAA1, CAA6, and CAA9.

In the Labrador Sea (Stas. K1 and LS2), vertical profiles of
total particulate Mn exhibited the same general trends, namely
a surface minimum and a progressive increase with depth
(Fig. 2). However, particulate Mn distributions in the Labrador
Sea revealed unique features among the studied Canadian Arc-
tic Ocean basins, such as recording the lowest concentrations
(� 1 order of magnitude lower), reduced particulate phase dom-
inance (< 38% of total Mn) and balanced particulate Mn contri-
butions (i.e., non-lithogenic source � lithogenic source; Fig. 2).

Overall, the non-lithogenic component shapes the distribu-
tion of particulate Mn in both the deep basins (to a lesser
extent for the Labrador Sea) and the shallow Canadian
Arctic Archipelago. Halocline waters, such as the winter Bering
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Sea Water, the Arctic Water, and Southern Parry Channel sub-
surface waters together with near-bottom waters in Baffin Bay
have the highest non-lithogenic particulate Mn concentra-
tions (Fig. 2). This phenomenon could be related to enhanced
bacterially-mediated Mn(III/IV) oxide formation in these
waters, which—given their unique environmental
conditions—have the potential to promote a significant
increase of MnOB. Other sources of non-lithogenic particulate
Mn such as phytoplankton-derived export and/or advective
transport of sedimentary Mn oxides from adjacent shelf set-
tings are not significant. Enhanced primary production at the
surface and associated export of phytoplankton detritus could
be linked to higher contributions of non-lithogenic particulate
Mn in the seawater (Twining et al. 2015); nonetheless, this is
not a substantial source in the Canadian Arctic Ocean. Non-
lithogenic particulate Mn fractions are relatively similar across
the Canada Basin and Baffin Bay (Fig. 2), despite the large dif-
ferences in export production between these two deep basins,
with much lower primary productivity rates in the Canada
Basin compared with Baffin Bay (Hill et al. 2013; Varela
et al. 2013). Moreover, the lowest non-lithogenic

contributions were measured in the Labrador Sea (Fig. 2),
where intense phytoplankton spring blooms took place before
sampling (Colombo et al. 2022).

Advective sedimentary Mn oxide inputs from the Chukchi
and the Canadian Arctic Archipelago shelve sediments—as
mediated by the reduction of Mn in the sediment, follow by
diffusion to overlying waters, where redox-sensitive Mn is
then precipitated—are also not driving Mn distributions in
the Canadian Arctic Ocean. In the Chukchi Shelf, large pulses
of organic matter trigger strong reducing conditions in sedi-
ments, which in turn promote large upward fluxes of reduced
dissolved Mn(II) from sediments into the overlying seawater
(Granger et al. 2018; Vieira et al. 2019). However, due to its
slow oxidation kinetics and potential photoinhibition of
MnOB in the shallow Chukchi shelves (< 50 m), most of the
Mn in the winter Bering Sea Water remains in the dissolved
phase during across-shelf transport, leaving Chukchi shelf
waters virtually depleted of Mn oxides and highly enriched in
dissolved Mn (Jensen et al. 2020; Xiang and Lam 2020). In the
shallow Canadian Arctic Archipelago shelves, the lower pulses
of organic matter, compared with the Chukchi Shelf, and

Fig. 2. Profiles of non-lithogenic particulate Mn (filled symbols) and total particulate Mn (pMn; filter pore size: 0.45 μm) vs. potential density (σθ) in the
Canadian Arctic Ocean across the Canada Basin (CB2–CB4), the western Canadian Arctic Archipelago (CB1 and CAA8), Northern Parry Channel (CAA1,
CAA5), Barrow Strait (CAA6), Southern Parry Channel (CAA3, CAA4, and CAA7), Penny Strait (CAA9), Baffin Bay (BB1–BB3), and the Labrador Sea (LS2
and K1). As the deepest samples from the BB1 station had extremely high concentrations of Mn, these values are shown between parentheses to empha-
size the features of the rest of the profile. The particulate Mn fraction (% of total Mn = total pMn

total pMnþdMnð Þ) of each sample, indicated with the color scale bar,
was calculated using dissolved Mn (dMn; filter pore size: 0.2 μm) data from Colombo et al. (2020). Stas. CAA1, CAA6, and CAA9, highlighted in orange,
displayed lower total particulate Mn concentrations and reduced non-lithogenic sources. Water masses with elevated non-lithogenic particulate Mn con-
centrations and high relative abundance of putative MnOB, such as winter Bering Sea Water (wBSW), Southern Parry Channel subsurface waters (SPC),
and Arctic Water (AW) are identified in the figure.
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the strong mixing regimes do not favor reductive benthic con-
ditions, and thus, sedimentary supply of reduced Mn(II) is not
anticipated to be significant (Colombo et al. 2021; Lehmann
et al. 2022). Therefore, the excess of particulate Mn over conti-
nental crust values across the Canadian Arctic Ocean, and
especially in halocline waters, is most likely explained by the
authigenic formation of Mn(III/IV) oxides in the water
column. The microbial community analysis presented in this
study adds new evidence for the bacterially-mediated
authigenic Mn oxidation argument across the Canadian Arc-
tic, demonstrating that the highest non-lithogenic particulate
Mn (hereafter referred to as Mn oxides) features are associated
with a high relative abundance of (cultured) taxa known to
have the ability to oxidize Mn.

Microbial community structure associated with particulate
manganese
Microbial communities in the Labrador Sea, Baffin Bay, and
the Canadian Arctic Archipelago

Given the dominance of Mn oxides in most of the Cana-
dian Arctic Ocean samples and the role of MnOB as catalyzers
of Mn(II) oxidation (Moffett 1997; Lee et al. 2018; Wright
et al. 2018; Morton et al. 2019), we investigated the microbial
community composition from 66 paired DNA and particulate
Mn samples collected in the Labrador Sea, Baffin Bay and the
Canadian Arctic Archipelago, during the August 2015 Cana-
dian GEOTRACES Arctic Expedition (cruise ArcticNet 1502).
OTUs were determined from the 16S rRNA gene amplicon
sequence reads. Note that the samples from the Canada Basin
were collected on a following cruise (ArcticNet 1503) a month
later (September 2015) using different protocols (see Methods
section). Thus, the results from the Canada Basin samples are
presented in a separate subsection below.

Within the 66 samples for which paired chemical and DNA
analyses were available, 737 OTUs (Supporting Information
Table SRD1) were found to be both prevalent (occurring in at
least 15 samples) and abundant (contributing to at least
0.01% of the total reads). We investigated the correlation net-
work between the amplicon sequence counts of these
737 OTUs and total particulate Mn concentrations and deter-
mined that 66 of the 737 OTUs were significantly, positively
or negatively, correlated (p < 0.05) with total particulate Mn
(Supporting Information Fig. S1; Supporting Information
Table SRD2). The relative abundance of these 66 particulate
Mn-correlated OTUs, and their taxonomic affiliations, are
shown in Supporting Information Fig. S2. We performed bidi-
rectional hierarchical clustering of these 66 OTUs based on
their relative abundance patterns in our samples. Hierarchical
clustering methodology is a powerful data mining approach
for the first exploration of “omic” data. Here, it enabled sam-
ples to be grouped blindly according to the relative abundance
profiles of the 66 OTUs. The bidirectional hierarchical cluster-
ing returned two major sample clusters (Fig. 3). The median
total particulate Mn concentrations of the samples comprising

the two clusters were significantly different, and thus they
were designated as LowMn and HighMn groups (median
particulate Mn concentrations in the HighMn group:
1436.8 pmol L�1, n = 35 and LowMn group: 219 pmol L�1,
n = 31; Welch’s t-test p = 0.0004; Fig. S3).

The bidirectional hierarchical clustering (Fig. 3) revealed
that the OTUs associated with the HighMn sample group
belonged to several phyla, including Bacteroidota (i.e., within
the Cryomorphaceae, Saprospiraceae, and Fluviicola families,
and the particle-associated NS9 clade), Planctomycetota (the
agg27 clade, as well as members of the OM190 clade, such as
CL500-15), Verrucomicrobiota (e.g., the Arctic97B-4 clade),
Proteobacteria (i.e., within the Gammaproteobacteria class, the
Colwelliaceae, Piscirickettsiaceae, and Moritellaceae families;
and within the Deltaproteobacteria class, the OM60 clade),
and OTUs associated with the phyla Nitrospinota and the
ammonia-oxidizing Thaumarchaeota (e.g., Nitrosopumilaceae
family; Fig. 3). Some of the microbial phylogenetic groups iden-
tified within the HighMn sample group (i.e., Arctic 97B-4, Col-
welliaceae, Nitrosopumilaceae, Phycisphaerae, and Nitrospinae)
have been found associated with Fe–Mn crust environments
and biofilms (Kato et al. 2017; Bergo et al. 2021).

The similarity between microbial communities in the
66 samples was further assessed using the NMDS ordination of
the Bray–Curtis dissimilarity index, which compares the beta-
diversity of the microbial community composition
(i.e., distance of their OTUs occurrence profiles). This index,
based on the log-transformed relative abundances of the origi-
nal 737 taxa, also revealed a clear separation between the
microbial communities associated with the HighMn group
(subsurface and deep waters) and LowMn group (surface
waters; Supporting Information Fig. S4). This was further con-
firmed by an ANOSIM test on the OTU distributions in the
two groups, which showed a Global R value of 0.877 with a
significance of 0.1% (Supporting Information Fig. S4).

A SIMPER routine analysis (including the original 737 OTUs)
was then used to independently identify the discriminating
OTUs between the LowMn and HighMn sample groups
(Supporting Information Table S2). The average dissimilarity of
the relative abundance of an OTU between the HighMn and
LowMn groups, divided by the standard deviation for the OTU
in samples of either group, reflects the discriminating power of
a specific OTU (i.e., the best OTUs discriminators have the
highest ratio). Fifteen of 30 most discriminating OTUs for the
HighMn group belong to the phylum Planctomycetes, and
more specifically to the Pirellulaceae and Phycisphaerae fami-
lies, as well as the agg27 clade, and members of the uncultured
OM190 (i.e., CL500-15). Indeed, an OTU of the OM190 clade
(GT15 Reference OTU1-c-OM190) was the most discriminating
OTUs between LowMn and HighMn groupings (Supporting
Information Table S2). The remaining 15 of the 30 most dis-
criminating OTUs belong to the phyla Verrucomicrobiae
(e.g., Arctic97B-4 clade), Bacteroidetes (Saprospiraceae and
Cryomorphaceae families), and Proteobacteria (within the

Colombo et al. Manganese cycling in the Canadian Arctic Ocean
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gammaproteobacteria class, the Piscirickettsiaceae family; and
within the deltaproteobacteria class, the OTU60 clade). Further-
more, Nitrospina within the Nitrospinota phylum, and the
Nitrosopumilaceae family of aerobic ammonium-oxidizer cre-
narchaea within the phylum Thaumarcheota, were also good
discriminators between the HighMn and LowMn grouping,
coming within the top 30 discriminating OTUs.

Bacterial chemolithoautotrophy via manganese oxidation
has been recently demonstrated in enrichment co-cultures of
Ramlibacter lithotrophicus (a betaproteobacterium) and Can-
didatus Manganitrophus noduliformans (distantly related to
Nitrospira and Leptospirillum, in the Nitrospirota phylum; Yu
and Leadbetter 2020). However, many of the known (cultured)
Mn(II) oxidizing microbes are also heterotrophs (Ehrlich and

Fig. 3. Two-way unsupervised hierarchical clustering of the samples (from the Canadian Arctic Archipelago, Baffin Bay, and the Labrador Sea) and taxa
based on the log-relative abundance profiles for the 66 Mn-associated OTUs. The full taxonomy of the 66 OTUs is found in Supporting Information
Table SRD4. The median total particulate Mn concentrations in the two clusters of samples (LowMn: 219 pmol L�1 and HighMn: 1436.8 pmol L�1) were
calculated and are presented as box and whisker plots in Supporting Information Fig. S3. Sample names on the right-hand side are labeled with the sta-
tion name as in Fig. 1, and the depth of sample collection at that station. Samples collected at depths corresponding to subsurface Arctic Water in Baffin
Bay (AW), Southern Parry Channel subsurface waters (SPC), and near-bottom waters in Baffin Bay (NBW) are in green text (name of station on the right
and clades on the left). Discriminating OTUs between LowMn and HighMn groupings (Simper analysis; Supporting Information Table S2) are in magenta
text (name of OTUs on the bottom and clades on the top), taxa related to microbial groups closely associated with Mn oxide enriched environments are
indicated with olive green arrows (refer to Table 1 for more information), and OTUs which were identified in both samples collected in the Winter Bering
Sea Water (wBSW) in the Canada Basin, where Mn oxides peaked, and in the Canadian Arctic Archipelago, Baffin Bay, and the Labrador Sea are indicated
by an asterisk (*).
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Newman 2008; Tebo et al. 2010) and are extremely diverse
phylogenetically with members identified in Alphaproteobacteria,
Gammaproteobacteria, Betaproteobacteria, Actinobacteria,
Bacteroidetes, Firmicutes (Hansel 2017). In this field
study, we cannot specifically identify which members of the
microbial community associated with the HighMn group
might be responsible for Mn oxidation; however, several
characteristics of the HighMn group microbial community
are noticeable. First, as expected by the filter pore size used
for these environmental DNA samples (3 μm), numerous
OTUs identified here (e.g., NS9, CL500-15, agg27, etc.; Fig. 3)
are known to be particle-associated (DeLong et al. 1993;
Fuchsman et al. 2012; Zhang et al. 2013; Milici et al. 2017);
given the filter size, these particle-associated microbial com-
munities are anticipated to be enriched over small and free-
living microbes. Notwithstanding, particle clogging during
filtration reduces the effective filter pore size over time, cer-
tainly collecting some free-living microbes too. Second, a
third of the most discriminating and abundant OTUs belongs
to the Phycisphaerae family and the OM190 clade—both
within the Planctomycetes phylum—which have been pro-
posed to play a role in anammox pathway and possibly Mn
oxidation in the deep-sea Fe hydroxide deposits associated
with diffuse venting (rich in dissolved Fe and Mn) from Arc-
tic Mid Ocean Ridge (Storesund and Øvreås 2013). Third, sev-
eral studies linking Mn oxidation to ammonia oxidation
(Luther et al. 1997; Storesund and Øvreås 2013; Wang
et al. 2021) support the findings in our study of the Canadian
Arctic Ocean that the top three discriminating OTUs associ-
ated with HighMn samples belong to the Pirellulacea family
and Phycisphaerales order, as these taxa include ammonia-
oxidizing bacteria often found in marine sponges and deep-sea
corals (Mohamed et al. 2010; Kellogg et al. 2016). In addition,
chemolithoautotrophic nitrite/nitrate or ammonia-oxidizing
microbes, from the Nitrospinae and Nitrospumilaceae families,
respectively, are often associated with Fe–Mn crust environ-
ments (Bergo et al. 2021), and were found in the top 30 discrim-
inating OTUs in our study (Supporting Information Table S2).
Likewise, several discriminating OTUs belonging to the phyla
Planctomycetes (e.g., Pirellulaceae), Gammaproteobacteria, and
Bacteroidetes (e.g., Saprospiracea) are abundant in nitrifying
microbial consortia associated with biological Mn(II) oxidation
in wastewater bioreactors and thrive in high dissolved Mn
and low organic carbon conditions (Cao et al. 2015). These
combined findings suggest that ammonia-oxidizing microbes,
nitrifiers, and MnOB might be closely associated in these
environments and that the Mn and N cycles might be linked.

Microbial communities in the Canada Basin
Due to sampling constraints (see Methods section), frozen

DNA samples were not collected in the Canada Basin. None-
theless, we explored the microbial community associated with
the subsurface particulate Mn peak in the winter Bering Sea
Water in the Canada Basin through the analysis of DNA

extracted from dried membrane filters (0.8 μm) at Stas. CB2,
CB3, and CB4. The samples from these stations were
processed as for the other samples with amplification of the
V4-V5 variable region of the 16S rRNA gene, and with the
same bioinformatic pipeline as described in the Methods sec-
tion. Thus, the microbial community data from the winter
Bering Sea Water in the Canada Basin can be compared
to the rest of the Canadian Arctic Ocean. In the winter
Bering Sea Water, where the Mn oxide peak was observed
(Fig. 2), members belonging to the Planctomycetota
(e.g., Phycisphaerae and Planctomycetes), Acidobacteria
(e.g., Acidobacteria and Solibacters), Proteobacteria (e.g.,
alphaproteobacteria, gammaproteobacteria, betaproteobacteria,
and deltaproteobacteria), Bacteroidota (e.g., Flavobacteria and
Saprospirae), and Verrucomicrobiota phyla also dominated
the microbial communities (Fig. 4; Supporting Information
Table SRD4).

To reconcile the two microbial community datasets, from
the Canada Basin and the remaining Canadian Arctic Ocean
stations, we constructed a phylogenetic tree (Supporting Infor-
mation Fig. S5) that encompasses the positive Mn-correlated
OTUs from samples collected in the Canadian Arctic Archipel-
ago, Baffin Bay, and the Labrador Sea (Fig. 3), as well as the
OTUs obtained from the Canada Basin samples (Fig. 4;
Supporting Information Table SRD4). In addition, 26 Mn-
oxidizing microbes highlighted in Hansel (2017) as representa-
tive MnOB were used to construct this maximum likelihood
phylogenetic tree. Interestingly, several OTUs
(e.g., Rhodobacteraceae, Oceanospirillaceae, Rhizobiaceae) col-
lected at the particulate Mn oxide peak (winter Bering Sea
Water) in the Canada Basin, displayed high relative abun-
dances (Supporting Information Table SRD4) and were distrib-
uted among clades of cultured Mn oxidizers taxa (Supporting
Information Fig. S5). This indicates that MnOB was likely pre-
sent in the microbial communities of the Canada Basin at the
time of sampling. Furthermore, several OTUs displaying high
relative abundance (e.g., Phycisphaerales, Pirellulaceae, JTB38;
Supporting Information Table SRD4) associated with high
Mn oxide waters were found in samples from both, the
Canada Basin and the other Arctic stations, and were
identified in Mn oxide enriched environments (Supporting
Information Fig. S5).

Particulate Mn biogeochemistry in light of microbial
community structure

Altogether, these data provide strong support for the pres-
ence of specific microbial communities that are associated
with high particulate Mn oxide samples across the Canadian
Arctic Ocean, and highlight the Mn-oxidizing potential of the
microbial communities associated with the peaks of particu-
late Mn characteristically found at intermediate depths of 50–
300 m and near-bottom waters (Fig. 2). These waters have the
potential to promote a significant increase in the relative
abundance of MnOB within the microbial community, likely

Colombo et al. Manganese cycling in the Canadian Arctic Ocean
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Fig. 4. Microbial community composition of three samples taken from the particulate Mn maximum in the Canada basin. 16S rRNA gene amplicon
sequences were used to assess the taxonomic diversity, which is presented at either the class (c) or phylum (p) level for visualization. The top three phyla
with the most relative abundance are labeled in bold in the figure.
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enhancing the formation of Mn(III/IV) oxides. Subsurface
waters in Southern Parry Channel (Stas. CAA4 and CAA7)
and near-bottom waters in Baffin Bay slope region (Sta. BB1),
where Mn oxides reach concentrations as high as � 4000–
9000 pmol L�1 (Fig. 2), are characterized by a large relative
abundance of microbes belonging to the following
phyla (Fig. 3): Bacteroidota (f.Cryomorphaceae: X590041
and GT15.Ref.OTU23; GT15.Ref.OTU17.g.Saprospira),
Proteobacteria (X328603.f.Colwelliaceae; X247681.f.Pisciric
kettsiaceae; within the deltaproteobacteria class, the
X315467.f.OM60 clade), Planctomycetota (f.Pirellulaceae:
X543167, X3390990, and X4102516; o.Phycisphaerales:
X1640197, X823094, and X813385), Nitrospinota (X921366.
g.Nitrospina), Thaumarchaeota (g.Nitrosopumilus: X1005844
and X869040). Uncultured clades from the phyla
Bacteroidota (OTUs: X826017.f.NS9), Planctomycetota
(OTUs: X159828.o.CL500.15; GT15.Ref.OTU1.c.OM190;
X564055.o.agg27), Proteobacteria (f.JTB38: X111722,
X351152 and X593056), and Verrucomicrobiota (X32593.o.
Arctic97B-4) are also largely abundant in subsurface waters in
Parry Channel and near-bottom waters in Baffin Bay (Fig. 3).
Likewise, in subsurface Arctic Water in Baffin Bay (Stas. BB1–
BB3), where Mn oxides peaked (� 1000–2000 pmol L�1;
Fig. 2), many of the above-mentioned OTUs (e.g., X315467.f.
OM60; f.JTB38: X111722, X351152; f.Pirellulaceae: X543167,
X3390990, and X4102516; X823094.o.Phycisphaerales) also
dominate the microbial community (Fig. 3). Albeit differ-
ences in the sampling collection, the most abundant OTUs
identified by 16S rRNA analysis in the winter Bering Sea
Water Mn oxide maximum in the Canada Basin (� 1600–
5000 pmol L�1; Fig. 2) are the same OTUs, or closely phyloge-
netically related, to those identified in the Arctic Water
(Baffin Bay), subsurface waters in Southern Parry Channel
and near-bottom waters in Baffin Bay slope region (Figs. 3, 4;
Supporting Information Fig S5; Supporting Information
Tables SRD2–SRD4).

The fact that we consistently observed higher relative abun-
dance of the same OTUs—or phylogenetically related—in
waters with high Mn oxides concentrations relative to those
found in the remaining water column, and that those taxa
have been also identified in other Mn oxide-dominated envi-
ronments (Table 1) would suggest that in situ microbially-
mediated Mn(II) oxidation is the driving mechanisms shaping
the high Mn oxide features described across the Canadian Arc-
tic Ocean.

Toward a mechanistic understanding of MnOB dynamics:
Sedimentary microbe entrainment or environmental
control

With the exception of the Labrador Sea, Mn oxides domi-
nate particulate Mn distribution across the Canadian Arctic
Ocean, a result of enhanced microbially-mediated authigenic
oxidation, with prominent sharp Mn oxide peaks in the win-
ter Bering Sea Water (Canada Basin), Arctic Water (Baffin Bay),

southern Parry Channel subsurface waters, and near-bottom
waters in Baffin Bay (Fig. 2). All these water masses have
unique environmental conditions, such as being relatively
deep, having elevated concentrations of dissolved Mn (� 1
to > 10 nmol kg�1; Colombo et al. 2020, 2022; Jensen
et al. 2020), and having close interaction with the seafloor
while transiting the Chukchi Sea (winter Bering Sea Water),
the Canadian Arctic Archipelago (Southern Parry Channel
subsurface waters and Arctic Water) and the sediment-water
boundary layer (Baffin Bay near-bottom waters). Conse-
quently, two different processes could be driving the highest
relative abundances of putative MnOB in halocline waters and
near-bottom Baffin Bay waters, and thus, the extent of
authigenic Mn oxide precipitation: (1) Microbes are seeded
from the benthic boundary layers into these waters, as a result
of their close interaction with the seafloor, where microbial
communities are taxonomically rich (Zinger et al. 2011; Walsh
et al. 2016). A similar process has been described in hydrother-
mal plumes, where MnOB are seeded from surficial sediments
and transported long distances (Dick et al. 2006; Fitzsimmons
et al. 2017). (2) Distinct environmental conditions, such as
low light, high oxygen, and dissolved Mn concentrations
favor the abundance and diversity of MnOB populations in
certain Canadian Arctic Ocean water masses (Sunda and
Huntsman 1988; Moffett 1997; Zakharova et al. 2010). The
microbial community composition data shed light on the
predominance of these two processes. In the Canadian Arctic
Ocean, favorable environmental conditions in the winter
Bering Sea Water, Arctic Water, southern Parry Channel sub-
surface waters, and near-bottom waters in Baffin Bay most
probably control the abundance of putative MnOB. The
microbial relative abundance data, also known as composi-
tional data (OTUs percent composition relative to the total
OTUs present in the sample; Fig. 3), preclude the direct
assessment of the microbial absolute abundance from differ-
ent Canadian Arctic Ocean samples. However, putative
MnOB is identified not only in high Mn oxide waters (large
relative abundances) but also in waters that have not inter-
acted with the seafloor recently (Colombo et al. 2019b) and
have low Mn oxide concentrations, such as Baffin Bay deep
waters (e.g., Fig. 3, samples BB2-304, BB2-1013, BB1-508).
Similarly, putative MnOB are also found in Labrador Sea
waters at low relative abundances (e.g., Fig. 3, samples
LS2-304, LS2-506, LS2-1012, K1-509, K1-303, K1-608), where
particulate Mn oxide concentrations were about an order of
magnitude lower than in other Canadian Arctic Ocean sta-
tions (Fig. 2). This would indicate that MnOB are ubiqui-
tously distributed across the Canadian Arctic Ocean (spatially
and vertically; i.e., subsurface and deep waters), but they
tend to dominate microbial communities in certain water
masses that have favorable Mn oxide precipitation condi-
tions. However, the lack of microbial community composi-
tional data in the shallow Chukchi Shelf does not allow us to
be conclusive.
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Among the environmental factors known to enhance MnOB
diversity and abundance, we identify low light intensity
(i.e., preventing photoinhibition) and high dissolved Mn con-
centrations as the key ones. Photoinhibition (i.e., physiological
stress) of marine MnOB has been documented in laboratory
incubation experiments, where Mn oxidation rates were signifi-
cantly diminished when seawater was exposed to sunlight, to a
much greater extent than that explained by photoreductive dis-
solution of Mn oxides alone (Sunda and Huntsman 1988;
Francis et al. 2001). In our study, field microbial community
composition data are consistent with laboratory experiments,
as the discriminating OTUs (putative MnOB), which have
large relative abundances in high Mn oxide waters, are virtually
absent in most surface samples (depth < 50 m; Fig. 3;
Supporting Information Fig. S6) where the lowest total particu-
late Mn and Mn oxide concentrations were measured (Fig. 2).
Indeed, there is a shift of the microbial community structure
from the deeper samples, dominated by taxa belonging to the
phylum Planctomycetota and Proteobacteria, which include
abundant OTUs that have been identified in Mn oxide
enriched environments (OTUs: o.Phycisphaerales: X1640197,

X823094, and X813385; f.Pirellulaceae: X543167, X3390990,
and X4102516; X159828.o.CL500.15; GT15.Ref.OTU1.c.
OM190; o.agg27: X726485 and X564055; etc.) to the shallower
samples dominated by taxa belonging to Cyanobacteria and
Bacteriodota phylum (Supporting Information Fig. S6). Detailed
mechanisms underlying photoinhibition remain unknown, but
the extremely low relative abundances of putative MnOB in
surface waters in the Canadian Arctic Ocean would suggest sun-
light directly affects microbial growth, and not only the rate of
Mn oxide formation. In surface waters photoactivated reduc-
tion of Mn oxides by organic substances (Sunda et al. 1983;
Sunda and Huntsman 1994) act in concert with MnOB photo-
inhibition, which contributes to the decrease of the particulate
Mn pool and the accumulation of dissolved Mn (lower particu-
late Mn fraction; Fig. 2). Alleviation of photoinhibition in sub-
surface and deep waters itself does not ensure the proliferation
of MnOB and associated enhanced bacterially-mediated Mn
oxidation. Deep waters in the Canada Basin (depth > 300 m),
Baffin Bay (depth > 200 m), and the Labrador Sea exhibit nei-
ther a large relative abundance of putative MnOB nor high Mn
oxide concentrations (Figs. 2, 3), presumably a result of

Table 1. Selected particle-associated and/or putative Mn-oxidizing bacteria recovered at a high relative abundance where Mn oxide
peaked in subsurface halocline waters and Baffin Bay near-bottom waters. The OTUs presented in this table, identified in the Canada
Basin (Supporting Information Table SRD4) and the Canadian Arctic Archipelago, Baffin Bay, and the Labrador Sea (Supporting
Information Tables SRD2 and SRD3) are displayed in Fig. 3 and Supporting Information Fig. S5.

Putative MnOB (OTUs) Observations Ref.

f.OM60: X315467, X817349, X885830 Phylogenetically related to representative cultured Mn(II)-

oxidizing bacteria

Hansel (2017)

X159828.o.CL500-15 Particle-associated bacteria from the Southern Ocean Milici et al. (2017)

GT15. referenceOTU1.c.OM190 Diverse OTUs within the Planctomycetota phylum have

been isolated from deep Arctic Sea Fe hydroxide

deposits

Storesund and Øvreås (2013)

f.JTB38: X111722, X351152 Top discriminating OTUs in SIMPER analysis; highly

abundant in halocline waters

This study

f.Pirellulaceae: X543167, X3390990,

X4102516, X4408871, X4376003,

X4419144, X584647, ref. OTU4, ref.

OTU5, ref. OTU7

Several OTUs within this family have been associated with

biological Mn(II) oxidation, and are abundant in

nitrifying and ammonia-oxidizing microbial consortia

Cao et al. (2015), Kellogg et al. (2016),

Mohamed et al. (2010)

1,005,844.g.Nitrosopumilus Several OTUs within this genus have been associated with

biological Mn(II) oxidation, and are abundant in deep

ocean ridge Fe–Mn environments and biofilms

Kato et al. (2017), Bergo et al. (2021)

o.Phycisphaerales: X823094, X837005,

X813385, ref. OTU8, ref. OTU9, ref.

OTU18

Several OTUs within this order have been associated with

biological Mn(II) oxidation, and are abundant in Fe–Mn

crust environments and biofilms in deep ocean ridge

and sea coral settings

Bergo et al. (2021), Kellogg et al. (2016)

o.agg27: X564055, X726485 Particle-associated bacteria from the Southern Ocean and

the Santa Barbara Channel

DeLong et al. (1993), Fuchsman et al.

(2012)

GT15.ReferenceOTU17.g.Saprospira Several OTUs within this genus have been associated with

biological Mn(II) oxidation

Cao et al. (2015)

g. Moritella: X9017, X1133769 Phylogenetically related to representative cultured Mn(II)-

oxidizing bacteria

Hansel (2017)
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dissolved Mn limitation. These deep waters, unlike subsurface
halocline and Baffin Bay near-bottom waters, have sub-
nanomolar levels of dissolved Mn (Colombo et al. 2020), a
required micronutrient and reactant for MnOB (Moffett 1997;
Zakharova et al. 2010; Cao et al. 2015).

Due to the small and low-density nature of Mn coatings on
bacterial cells, small microbially-catalyzed Mn oxides (� 0.5–
1 μm) have been shown to be entrained and transported long
distances (i.e., displaying no significant particle settling across
isopycnals; Cowen and Silver 1984; Fitzsimmons et al. 2017).
Accordingly, after begin formed, Mn oxides could be accumu-
lated in halocline waters and be transported along their flow
path, resulting in the Mn oxide peaks observed in subsurface
halocline waters (Fig. 2). For example, in the Canada Basin,
the winter Bering Sea Water takes one to 3 yr to travel from
the Chukchi shelves to our sampled stations (Colombo
et al. 2022), a time frame too short to allow small Mn oxides to
settle out of the halocline water (from � 100 to 300 m), given
their slow settling velocities (4–17 m yr�1 for 0.5–1 μm pure
birnessite particles; Colombo et al. 2022). Note that bacterial
Mn oxide capsule complexes have lower specific gravity than
pure birnessite (Fitzsimmons et al. 2017; Gonz�alez-Santana
et al. 2020). Thus, while transiting, Mn oxides are likely to
accumulate in this layer. Hence, the halocline Mn oxide feature
across the Canadian Arctic Ocean presumably reflects both
(1) ongoing microbially-catalyzed oxidative precipitation, as
long as there is no light and dissolved Mn concentrations are
sufficient to sustain MnOB activity, and (2) an accumulated sig-
nature transported from slope regions where Mn oxides are
formed once subsurface shelf waters with high dissolved Mn
are advected to the ocean interior (Colombo et al. 2022).

It is worth noting that besides direct bacterially-mediated
oxidation (i.e., MnOB activity), other oxidative pathways such
as abiotic Mn oxidation by O2 (Von Langen et al. 1997;
Luther 2010) and indirect auto-catalytic and extracellular oxi-
dation are probably influencing Mn oxide formation in halo-
cline subsurface waters and near bottom Baffin Bay waters.
Manganese oxide surfaces, especially the highly reactive
phyllomanganate birnessite produced by microbes, accelerate
the oxidation of Mn(II) by O2 (auto-catalytic oxidation;
Morgan 2005; Learman et al. 2011b and references therein).
Similarly, indirect Mn(II) oxidation facilitated by microbial
and fungal extracellular superoxide production has been
shown in laboratory experiments (Learman et al. 2011a;
Hansel et al. 2012; Jofré et al. 2021). These diverse
(e.g., abiotic vs. biotic) and complex Mn oxidative pathways
identified in laboratory experiments impose limitations when
studying large-scale field studies. Hence, it is not possible to
attribute unequivocally that the entire Mn oxide pool in these
water masses is linked to direct enzymatic bacterially-mediated
oxidation solely, and it is likely that the observed pool of Mn
oxide is generated by a range of mechanisms rather than a sin-
gle one. Notwithstanding, putative MnOB identified in this
study, displaying high relative abundance where Mn oxides

peaked, are most likely playing a preponderant role in shaping
pMn distributions both directly by enzymatic activity catalyz-
ing Mn(II) oxidation (Tebo et al. 2010; Hansel 2017; Yu and
Leadbetter 2020) and indirectly by auto-catalytic and extracel-
lular oxidation mechanisms, as described above.

Homogeneous abiotic Mn oxidation by O2 (not including
auto-catalytic surface reactions) cannot be ruled out as a plau-
sible process; however, there is a substantial free energy barrier
to the first one-electron oxidation rate-limiting step, Mn(II)
+ O2 à Mn(III) + O2

�, which start to occur only at pH values
higher than 8 (Morgan 2005; Luther 2010). At pH values near
those previously observed for Arctic Ocean surface waters
(ca. < 8.0; Muth et al. 2022; pH data for our cruise is not avail-
able), in undersaturated Mn(II) solutions, the non-catalytic
Mn oxidation reaction is extremely slow, exhibiting no Mn
oxidation for 6 to 7 yr (Diem and Stumm 1984; Yu and
Leadbetter 2020), resulting in rates that would be three to five
orders of magnitude slower than bacterially-mediated Mn oxi-
dation (Hastings and Emerson 1986; Von Langen et al. 1997).
Considering the relatively short circulation time of halocline
waters from the continental shelf-break and slope to the ocean
interior—for instance, weeks to < 3 yr from the shelf-break to
our sampled stations in the Canada Basin (Colombo
et al. 2022)—homogeneous abiotic oxidation alone would not
be a significant mechanism behind the rapid Mn oxide accu-
mulation in these waters. Abiotic photochemical reactions
generate reactive oxygen species, which can potentially oxi-
dize Mn(II), but only if transient Mn(III) species are stabilized
and hydrogen peroxide (H2O2) concentrations remain low, as
H2O2 inhibits Mn(II) oxidation via the reduction of Mn(III)
(Learman et al. 2013). Nonetheless, the colloidal nature of the
poorly crystalline abiotically generated Mn oxides and their
low ripening and aggregating behavior contrasts that of
biotically derived Mn oxides, which rapidly precipitate and
grow (Learman et al. 2013). Therefore, the extent and signifi-
cance of Mn oxide formation through the abiotic superoxide
oxidation pathway in subsurface halocline waters and bottom
Baffin Bay waters is most probably negligible.

Finally, total particulate Mn distributions in Penny Strait
(Sta. CAA9), Barrow Strait (Sta. CAA6), and northern Lancaster
Sound (Sta. CAA1, close to Devon glaciers, and to a lesser
extent Sta. CAA5) revealed an intriguing pattern: their particu-
late Mn concentrations were relatively lower than those of
southern Parry Channel stations (Stas. CAA3, CAA4, and
CAA7) and the lithogenic component dominated the particu-
late Mn pool (i.e., low Mn oxides; Fig. 2). The concentrations
of dissolved Mn at the Stas. CAA1, CAA6, and CAA9 are well
above subnanomolar levels (Colombo et al. 2020), and
thereby, MnOB and Mn oxides should be higher below surface
water, where photoinhibition is alleviated. This apparent
inconsistency may be related to the presence of glacially-
derived lithogenic particles and intense physical mixing in
these regions, characteristics not found in the southern Parry
Channel. Intense water column mixing is evidenced by the
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near linearity of the θ–S profiles and the highest averaged
diapycnal diffusivities and buoyancy fluxes reported in Penny
Strait and Barrow Strait (Hughes et al. 2017; Colombo
et al. 2021). Another observation that points toward stronger
mixing regimes in Penny and Barrow straits, as well as north-
ern Lancaster Sound, is the presence of sensible-heat
polynyas—not present in southern Parry Channel—which are
formed when heat from depth is brought to the surface by
diapycnal mixing (Hannah et al. 2009). Tidal flow and the
breaking of internal waves near Penny and Barrow strait sills
and constrictions (Hannah et al. 2009; Hughes et al. 2017),
the strong recirculation of Baffin Waters along northern Lan-
caster Sound shore (Hughes et al. 2017), along with buoyancy-
driven upwelling induced by marine-terminating subglacial
discharge in Devon Island are expected to enhance vertical
mixing at the Stas. CAA1, CAA6, and CAA9 (and CAA5 to a
lesser extent). Under such conditions, MnOB is mixed to a
greater degree, presumably exposing these microbes to higher
light levels, in Penny and Barrow straits and northern Lancas-
ter Sound, compared with other stations in the CAA. In turn,
strong mixing regimes at the Stas. CAA1, CAA5, CAA6, and
CAA9 probably reduce the activity of MnOB (photoinhibition),
and consequently, Mn oxide precipitation. Microbial commu-
nity composition data support this argument since putative
MnOB is present at high relative abundance where Mn oxides
peaked (e.g., OTUs: X315467.f.OM60; f.JTB38: X111722,
X351152; f.Pirellulaceae: X543167, X3390990, and X4102516;
X823094.o.Phycisphaerales), display low relative abundances in
subsurface waters at the Stas. CAA1, CAA5, and CAA6 (Fig. 3).
Besides microbial photoinhibition, higher vertical mixing, and
light exposure could potentially accelerate aggregation dynam-
ics of Mn oxide particles and also enhance their reductive disso-
lution (Sunda and Huntsman 1988; Francis et al. 2001), having
an additional detrimental effect on Mn oxide accumulation in
Penny and Barrow straits and northern Lancaster Sound. The
lack of seasonal data, absolute microbial abundance, and in situ
mixing strength parameterization (e.g., eddy diffusivity) pre-
vent us from being conclusive about this hypothesis, but recent
work has documented the crucial role of strong physical mixing
in influencing functional microbial communities and geochem-
ical cycles, such as nitrogen speciation in coastal waters (Haas
et al. 2021).

Concluding remarks
A comprehensive characterization of members of the

microbial communities (on particulate material) associated
with Mn oxidation has been accomplish by integrating partic-
ulate trace metal distributions along with microbial field data,
lending additional support to the prominent role of MnOB in
shaping particulate Mn cycling in the Canadian Arctic Ocean.
The distributions of particulate Mn in the Canada Basin, the
Canadian Arctic Archipelago, and Baffin Bay are distinguished
by the dominance of Mn oxides (Fig. 2), attributed to

microbially-mediated oxidation in the water column, espe-
cially in subsurface halocline waters and near-bottom Baffin
Bay waters. In aforementioned water masses, putative MnOB
display significantly higher relative abundances than those in
the overlaying and underlying waters (Fig. 3). For instance,
putative MnOB belonging to the phyla Bacteroidota,
Planctomycetota, Proteobacteria, and Thaumarchaeota are
abundant in water masses having elevated Mn oxide concen-
trations. Furthermore, numerous taxa identified in the Canada
Basin halocline water, where non-lithogenic particulate Mn
peaked, are phylogenetically related to known (cultured) MnOB
(e.g., Rhodobacteraceae, Oceanospirillaceae, Rhizobiaceae).
In addition, some of the putative MnOB OTUs (i.e., g.
Nitrosopumilus, g.Nitrospina, o.Phycisphaerales, f. Pirellulaceae)
identified in high Mn oxide waters belong to taxa known to
oxidize nitrite or ammonium, suggesting that the N and Mn
biogeochemical cycles might be linked, as proposed by Luther
et al. (1997). The abundance of MnOB in Canadian Arctic
Ocean waters may be primarily controlled by photoinhibition,
as it has been demonstrated in laboratory studies; putative
MnOB is virtually absent in surface water across the entire
Canadian Arctic Ocean (Fig. 3). Below the surface, where photo-
inhibition is lessened or absent, the availability of dissolved Mn
is anticipated to control MnOB dynamics. The highest relative
abundances of putative MnOB within the Arctic Ocean are
found in the winter Bering Sea Water (Canada Basin), Southern
Parry Channel subsurface waters, Arctic Water (Baffin Bay), and
near-bottom Baffin Bay waters, where Mn oxides concomi-
tantly peaked. These water masses have unique environmental
conditions: alleviation of photoinhibition and relatively high
dissolved Mn concentrations, which allow MnOB to thrive,
enhancing Mn oxidative processes at intermediate depths. In
the Labrador Sea, particulate Mn concentrations were the low-
est of all three basins, yielding balanced lithogenic/non-
lithogenic contributions, presumably due to the scarcity of dis-
solved Mn (< 1 nmol kg�1 below subsurface waters), which
may limit microbially-mediated Mn oxidation.

The presence of subsurface Mn oxide maxima, albeit with
lower concentrations, has also been reported for other basins
(e.g., Northeast Pacific, Western Subarctic Gyre, Eastern Pacific
Zonal Transect; Lam et al. 2018; Lee et al. 2018; Sim 2018;
Morton et al. 2019), which may suggest the proliferation of
MnOB in subsurface waters is a global phenomenon. Coupling
microbial community data with trace element analysis will
greatly advance our knowledge about how MnOB and Mn
cycling are interlinked and which are the key microbial taxa
involved in Mn oxidation.

Data availability statement
The particulate Mn data along with ancillary data reported

in this study is available in the public repositories: the
GEOTRACES Intermediate Data Product 2021 via the British
Oceanographic Data Centre (https://www.bodc.ac.uk/geotraces/
data/idp2021/). The 16S amplicon reads and the representative
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OTU sequences obtained from the subsequent processing are in
the process of being submitted to the NCBI database. In addi-
tion, all the data presented in this paper is also available in the
Research Data Electronic Annex. Supporting Information
Tables S1 and S2 and Figs. S1–S6 are included in the Supporting
Information.
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