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Abstract

Water logged habitats in continuous permafrost regions provide extensive oxic-anoxic interface habitats for iron cycling. The iron
cycle interacts with the methane and phosphorus cycles, and is an important part of tundra biogeochemistry. Our objective was to
characterize microbial communities associated with the iron cycle within natural and disturbed habitats of the Alaskan Arctic tundra.
We sampled aquatic habitats within natural, undisturbed and anthropogenically disturbed areas and sequenced the 16S rRNA gene
to describe the microbial communities, then supported these results with process rate and geochemical measurements. Undisturbed
habitats have microbial communities that are significantly different than disturbed habitats. Microbial taxa known to participate in
the iron and methane cycles are significantly associated with natural habitats, whereas they are not significantly associated with
disturbed sites. Undisturbed habitats have significantly higher extractable iron and are more acidic than disturbed habitats sampled.
Iron reduction is not measurable in disturbed aquatic habitats and is not stimulated by the addition of biogenic iron mats. Our study
highlights the prevalence of Fe-cycling in undisturbed water-logged habitats, and demonstrates that anthropogenic disturbance of
the tundra, due to legacy gravel mining, alters the microbiology of aquatic habitats and disrupts important biogeochemical cycles in

the Arctic tundra.

Keywords: arctic, disturbance, gallionellaceae, geobacter, iron-oxidation, iron-reduction

Introduction

Microorganisms in the thawing active layer of Arctic permafrost
habitats are responsible for the transformation and fate of thawed
organic carbon and nutrients (Blaud et al. 2015, Faucherre et
al. 2018). However, which microorganisms respire the thawed or-
ganic carbon matters for understanding the consequences of per-
mafrost thaw on climate warming feedbacks, as the carbon can
be converted to CO, or CHy. Water-logged habitats of the tundra
are one such location where thawed organic carbon could become
CO, or CHy based on the microbial community and geochemical
properties (Lipson et al. 2013, Herndon et al. 2015, Miller et al.
2015, Philben et al. 2020). These water-logged habitats also per-
mit extensive redox interfaces where redox-active metals, such
as Fe, can be microbially oxidized and reduced. The cycling of
Fe in water-logged tundra habitats are potential hotspots for res-
piration of permafrost carbon, released during thaw, to become
CO, or CHy (Miller et al. 2015, Philben et al. 2020, Patzner et al.
2022).

Microbial respiration of soil carbon from the tundra may be par-
tially offset by uptake through increases in plant biomass; how-
ever, these plant biomass increases may be buffered by the avail-
ability of limiting nutrients. This balance between respiratory car-
bon losses and greater carbon uptake by plants is dependent on
the bottom-up controls on nutrient availability. For example, the
iron cycle exerts an influence on the phosphorus cycle through
its ability to bind and release phosphorus (Herndon et al. 2019).

Fe(Ill)-oxides bind and trap phosphorus based on the physical
characteristics of the Fe(lll)-oxides, with ferrihydrite-like Fe(III)-
oxides having the ability to adsorb larger quantities of phosphate.
Dissolution of the Fe(Ill)-oxides can release the phosphorus back
into solution to be used by tundra plants. Thus, the redox state
and microbial processes involved in iron cycling are significant for
phosphorus mobility in the Arctic tundra.

Iron-reducing bacteria (FeRB) play an important role in rem-
ineralization of organic carbon within the Arctic tundra (Lip-
son et al. 2013, Megonigal et al. 2014, Miller et al. 2015, Philben
et al. 2020). The production ratio of carbon dioxide to methane
from thawed organic matter is dependent on the competition
for organic carbon between the FeRB and methanogenic archaea
(Philben et al. 2020). When FeRB outcompete methanogens for
organic carbon oxidation the CO,: CHy is high, with less warm-
ing potential (Myhre et al. 2013). In Fe(IIl)-poor habitats, the CO,:
CH, ratio is lower, promoting a larger warming potential from per-
mafrost organic carbon remineralization (Miller et al. 2015). Com-
petition for organic carbon between these two ecological groups
of microorganisms is determined, in part, by Fe(Ill)-oxides, which
serve as an electron acceptor for FeRB (Lovley and Phillips 1986).
FeRB have a thermodynamic advantage over methanogenic ar-
chaea at circumneutral pH when the Fe(Ill)-oxides are present in
the environment as nanoparticulate, poorly crystalline forms of
Fe(IlI)-oxides (e.g. ferrihydrite) (Postma and Jakobsen 1996). Given
the significant role of Fe(lll)-oxides role in organic carbon rem-
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ineralization and phosphorus binding potential, it is important to
constrain the spatial distribution and rates of iron cycling within
the tundra landscape.

Continuous permafrost environments within the North Slope
of Arctic Alaska possess the physical features which allow iron-
oxidizing bacteria (FeOB) to grow and produce Fe(Ill)-oxides. The
shallow active layer is bounded by the perennially-frozen per-
mafrost, which constrains most aqueous biogeochemical reac-
tions during the thaw season (Neilson et al. 2018, Cochand et al.
2019). The end products from metabolic reactions mediated by
plants and microorganisms remain in this active layer during the
summer season and are not lost via advection to deep aquifers,
as they can be in temperate latitudes or regions of discontinu-
ous permafrost (Cochand et al. 2019). The shallow active layer is
hydraulically active in the summer (O’Connor et al. 2019), which
promotes rapid recycling of redox active elements. The oxidized
layers are near the water table level or around submerged plants
in moist acidic and non-acidic tundra, and wet sedge meadows
(Zak and Kling 2006, Herndon et al. 2019). FeOB live at this oxic-
anoxic interface in the Arctic tundra and gain energy from the ox-
idation of ferrous iron (Emerson et al. 2010, Emerson et al. 2015).
In circumneutral aquatic habitats, FeOB produce insoluble, con-
spicuous, reddish-orange mats of Fe(lIl)-oxides (biogenic Fe mats)
at the oxic-anoxic interface (Emerson et al. 2010). Given the shal-
low groundwater and short hydrological plow paths (O’Connor et
al. 2019), favorable oxic-anoxic interfaces for FeOB could be abun-
dant in continuous permafrost regions of the Arctic. These condi-
tions that favor shallow active layer hydrology and favorable oxic-
anoxic niches for FeOB are disappearing due to permafrost thaw.
With the loss of FeOB habitat, less poorly crystalline Fe(Ill)-oxides
are produced with unknown consequences for phosphorus mobil-
ity and organic carbon remineralization through iron reduction;
however, little is known about the current ecology of iron cycling
microorganisms from Arctic tundra.

The goals of the work presented here were to compare tun-
dra habitat types which support biogenic Fe mats and contrast
them to similar habitat types that lack Fe mats, and to deter-
mine if biogenic Fe mats support a unique community of microor-
ganisms, geochemistry, and rates of iron reduction. We collected
geochemical and biogenic Fe mat samples over the course of
four weeks during summer from three different landscape habitat
types (ponds, wet sedge meadows, and iron seeps) and conducted
iron reduction assays from these habitat types. Samples were col-
lected near Toolik Field Station on the North Slope of Alaska,
USA.

Methods

Site description

The North Slope of Alaska is characterized by continuous per-
mafrost with a shallow active layer that develops during the sum-
mer season (Shaver et al. 2014). Around the Toolik Lake Field
Station (TFS), the interaction of soil age since last glaciation
and topography create four unique terrestrial ecosystems. These
ecosystems include moist acidic tussock, moist non-acidic tus-
sock, heath, and wet sedge meadows (Fig. S1) (Shaver et al. 2014).
Wet sedge meadows were the dominant ecosystem type which
hosted visible biogenic Fe mats at the soil-water interface, thus
all of our samples, except the low-iron sites, were within low-
lying areas dominated by non-tussock forming sedges (e.g. Carex
and Eriophorum species; (Boelman et al. 2003). In wet sedge mead-
ows, Eriophorum vaginatum (Cotton grass) typically does not grow
in the characteristic tussock morphology of a bunch or tuft. Wet

sedge meadows are found in low-lying areas of the tundra, be-
yond hill toe slopes, and arecharacterized by standing water or
slowly flowing surface water (Giblin et al. 1991). Biogenic Fe mats
in wet sedge meadows were thin (0.5-2 cm) and flocculant, typ-
ically associated with submerged plant stems and leaves. Ponds
were typically depressions within larger wet sedge meadows and
varied in size from a few meters to tens of meters across, with
< 2 m depth of standing water. Biogenic Fe mats in ponds were
thin (~0.5 cm) coatings on the pond sediment/soil-water inter-
face. Seeps were typically found near river banks with an abun-
dance of thick (~10 cm) biogenic Fe mats. Our sampling took place
in two distinct watersheds (Fig. 1). Six sampling sites were estab-
lished in the Oksrukuyik Creek (OKS) watershed, representing four
ponds, one wet sedge meadow, and a riverbank iron seep (Fig. 1).
The other three ponds that contained biogenic Fe mats were de-
pressions within the wet sedge meadow. The river bank seep was
directly adjacent to the Oksrukuyik Creek and surrounded by non-
tussock forming Carex and Eriophorum species.

Another eight sites were established within the Toolik Lake wa-
tershed, near the Toolik Lake inlet stream. Of these eight sites, four
were ponds, two were wet sedge meadows, and one was an iron
seep along the banks of the Toolik Lake Inlet stream.

In both watersheds, the low iron sites were ponds located
within old gravel mining scars, except for one pond within the TFS
watershed. These scars are not immediately recognizable, since
they are now vegetated; however, the vegetation types are domi-
nated by Salix species, which differs from the surrounding, undis-
turbed tundra. We used historical land use maps to determine
that two of the low iron pond sites from the Toolik Lake water-
shed and one within the OKS watershed were located in previ-
ously disturbed sites that had been used for gravel mining during
the construction of the Dalton Highway (Toolik Field Station, GIS),
approximately 50 years ago. The third low iron pond in the Toolik
Lake watershed was primarily a mat composed of benthic diatom
species with no visible FeOB sheaths or stalks as confirmed by mi-
CTOSCODY.

Sample collection

We visited all sample sites (Fig. 1; Table S1, Fig. S1) between 19 June
2019 and 20 July 2019. We collected 4 to 6 samples for microbial
community composition, methane, dissolved oxygen, and pH at
each site over this one-month period. Extractable Fe samples were
collected 1 to 4 times from each site during these sampling vis-
its over the one-month period. Samples for microbial community
analysis, Fe-extractions, and Fe-reduction assays included sedi-
ment from the surface 1 cm of the sediment-water interface (pond
sites) and biogenic Fe mat from the soil-water interface (seep
and wet sedge meadow sites). A YSI ProPlus water quality me-
ter was used to measure the temperature, conductivity, pH, and
dissolved oxygen of the water above the biogenic Fe mats before
sampling began. The pH and dissolved oxygen probes were cali-
brated weekly using a three-point calibration curve with pH 4, 7,
and 10 buffers and a two-point calibration using an ascorbic acid
and NaOH solution for the 0% oxygen standard and humid air for
the 100% oxygen standard. Dissolved methane samples were col-
lected at each sampling by submerging a 30 ml glass serum vial
into the overlying water at each site. The vial was filled without
allowing the water to bubble into the vial. Once completely full,
the vial was capped with a blue butyl-rubber stopper that had a
21 ga needle through it to allow displaced water to escape, while
ensuring a bubble-free headspace. Then, 100 pL of 10 M NaOH
was injected with a syringe and needle with displaced water exit-
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Figure 1. Map of Alaska, USA, with the Toolik Lake Field station area indicated with the black dot (A), and highlighting the aerial imagery with study
site locations for those in the OKS watershed (B) and Toolik Lake watershed (C). Red squares indicate high Fe sites and blue circles indicate low Fe sites.

Panel B and C map data: Google, Maxar Technologies.

ing through the vent needle. The needles were immediately re-
moved and an Al crimp cap was used to seal the butyl-rubber
stopper in place. Samples from ponds, wet sedge meadows, and
seeps for microbiological analysis were collected at the soil wa-
ter interface with a sterile 25 ml serological pipette and a battery
powered pipette hand pump. The samples were transferred into
sterile 15 ml conical centrifuge tubes and stored on blue ice until
returning to the laboratory at TFS. A small amount of biogenic Fe
mat material was removed before further sample processing and
a wet mount of the material was imaged under phase contrast mi-
croscopy at 20X to 40X magnification. The samples were allowed
to settle for ~1 h at 4°C after returning to the laboratory, then ex-
cess water was decanted until ~5 ml of liquid remained and tubes
could be safely frozen at —20°C to avoid cracking. Replicate tubes
were collected in this manner for DNA and Fe extraction. Sam-
ples were shipped on blue ice (methane) or frozen (DNA and Fe
extraction) to Bigelow Laboratory for Ocean Sciences and stored
at 4°C (methane) or frozen at —80°C (DNA and Fe extraction) until
further analysis.

Geochemical sample processing

Sequential Fe extractions were conducted using a standard
method (Laufer et al. 2020), but modified to accommodate han-
dling of the flocculant biogenic Fe mats. Extraction material was
added to a pre-weighed 0.2 um spin filter cartridge. These spin fil-
ter cartridges were centrifuged for 15 min at 10000 x g to yield
a standardized dewatered wet weight of sediment or biogenic Fe
mats on the spin filter cartridge. Due to the high quantity of iron
in some of these samples, we did not want to use the standard
oven-dried method before extracting iron, as this process would
alter the crystallinity and potentially the valence state of the iron
and thus the amounts of Fe(Ill) and Fe(ll) extractable in the se-
quential iron extraction method (Zhang et al. 2001). The spin filter
cartridge was transferred to a 15 ml conical centrifuge tube and
5 ml of 0.5 M HCI was added to each tube and vortexed to mix.
The extraction was run for 1 h at 20°C in the dark on a shaker ta-
ble set at 60 RPM. After the incubation period, 1 ml of extraction
solution was filtered through a 0.2 um PTFE syringe filter and col-
lected in a clean microcentrifuge tube. Filtered 0.5 M HCl extrac-
tion solutions were diluted 1 : 10 with 1 M HCI and stored at 4°C
until quantification. The extraction vials were then centrifuged
at 5000 x g for 15 min to pellet the undissolved biogenic Fe mat
or sediment. The 0.5 M HCI extraction solution was pipetted off,

then 5 ml of anoxic 6 M HCl was added to the vial to begin the
second step in the sequential extraction. The vial was vortexed
and the entire contents of the centrifuge tube were transferred to
a glass vacutainer with a septa-containing lid. The 6 M HCI ex-
traction was incubated in a dark, 70°C water bath for 24 h and
mixed three times throughout the incubation. After the incuba-
tion, the vials were decapped and 1 ml of extraction solution was
filtered through a 0.2 um PTFE syringe filter and collected in a
clean microcentrifuge tube. The filtered 6 M HCl extraction solu-
tions were immediately diluted (1 : 6) with 1 M HCl for a 1 M final
concentration to avoid the oxidation artefacts created by storing
extracted Fe(Il) in 6 M HClI (Porsch and Kappler 2011). Fe(Il) and
total Fe in the filtered extraction solutions were quantified using
the ferrozine method with the 10% hydroxylamine hydrochloride
step within 24 h of ending the extraction (Stookey 1970). Both the
0.5 M and 6 M HCI solutions were bubbled with N, for 10 min
before use to drive off any dissolved oxygen. The Fe(IIl) was quan-
tified by subtracting Fe(II) from the total Fe (Laufer et al. 2020). All
sample handling steps were conducted in a Nj-flushed portable
glove bag.

The dissolved methane concentration was determined by the
headspace equilibrium method (Magen et al. 2014). A gas-tight
syringe fitted with a three-way valve was prepared by flushing
the syringe three times with methane-free (below detection limit;
<0.1 ppm) N, gas and on the final flush 12 ml was drawn into
the syringe, a needle was attached, and 2 ml of methane-free N,
was pushed out to flush the three-way valve and needle dead
space. The gastight syringe needle was then immediately inserted
through the stopper. We added 10 ml of methane-free N, gas to
each vial and allowed the N, gas to displace 10 ml of sample wa-
ter, which was collected through a needle into a 10 ml syringe.
Then, the collection syringe was removed and the gastight syringe
was used to inject an additional 10 ml of methane-free N, into
the headspace to produce a 2 atm overpressure in the headspace.
The vials were shaken vigorously for 2 min and stored upside
down for 2 h at room temperature. Then, 1.5 ml of headspace
gas was removed with a N,-flushed needle and syringe (Magen
et al. 2014). The 0.5 ml of sample was used to flush needle vol-
ume, then 1 ml was immediately injected into a gas chromato-
graph equipped with a flame ionization detector (SRI 310C). The
temperature and atmospheric pressure of the room was recorded
at each injection. Sample peak areas were quantified using a four-
point standard curve using a certified 100 ppm CHy standard.
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DNA extraction, sequencing, processing, and
analysis

Biogenic Fe mat samples were removed from the freezer and al-
lowed to thaw at room temperature. Once thawed, the samples
were centrifuged at 1500 x g for 5 min at 10°C to loosely pellet the
material. The overlying water was decanted until only the pellet
remained. DNA was extracted using a DNeasy power soil kit (Qia-
gen). A sterile, cutoff 1 ml pipette tip was used to pipette 0.25 ml of
Fe mat pellet into a bead-beating tube with 200 ul of bead-beating
solution removed. Then, 200 ul of phenol-chloroform-isoamyl al-
cohol (PCI; 25 : 24 : 1, VWR Life Sciences) was added to the bead
beating tube, as we have found this improves DNA recovery from
iron-rich mineral samples (Emerson et al. 2015, Scott et al. 2015).
After the PCI step, the manufacturers protocol was followed. Bead
beating was conducted for 10 min at 20 Hz. DNA was eluted from
the silica member filter with 75 ul of molecular-grade water and
stored frozen at —80°C. DNA was sent to Integrated Microbial Re-
sources (Dalhousie University) for Illumina MiSeq paired-end se-
quencing of 300 bp (using version 3 chemistry) of the V4V5 vari-
able region of the 16S rRNA gene, using the 515F/926R primer pair
(Parada et al. 2016). Raw sequences were assembled, then qual-
ity controlled, clustered, and classified using the 16S rRNA gene
amplicon processing software, mothur (Schloss et al. 2009). Qual-
ity sequences include those that do not contain ambiguous bases,
homopolymers longer than 8 nt, or are longer or shorter than the
length expected for the primer pair and were discarded. Vsearch
(v2.13.3) was used to detect chimeric sequences (Rognes et al.
2016). These chimeric sequences were removed. All samples were
subsampled to the lowest number of sequencing reads (n = 16 035)
of the samples within this data set. Clustering of operational taxo-
nomic units (OTU) was done at the 97% similarity level. The SILVA
database v.138 (release date 16 Dec 2019) was used for taxonomic
assignment of each OTU (Quast et al. 2013).

DNA sequence processing

Analysis of OTU and taxonomy table outputs from mothur
(Kozich et al. 2013) was conducted in R using packages ggplot2
and tidyverse (Wickham et al. 2019, R Core Team 2020). Statisti-
cal analyses of microbial communities and geochemical param-
eters were conducted using labdsv, vegan, indicspecies, rstatix,
and datarium (Roberts 2007, Caceres and Legendre 2009, Oksa-
nen et al. 2013, Kassambara 2021a and 2021b). In particular, the
anosim function within the vegan package was used to test the
similarity of high and low Fe site communities and high Fe com-
munities in ponds, wet sedge meadows, and seeps. The compar-
ison of microbial communities from high and low Fe sites indi-
rectly tests the differences between natural and disturbed tundra
sampling sites. The non-metric multidimensional scaling analy-
sis was performed with the metaMDS function and environmen-
tal variable vectors were calculated with the envfit function, both
within the vegan package. The indicator species analysis was per-
formed using the multipatt function within the indicspecies pack-
age. We discarded OTUs that had <10 reads total from all sample
sites. These sequence data are deposited in the NCBI sequence
read archive under Bioproject (PRINA769663) accession numbers
(SAMN22158831-SAMN22158899).

Iron reduction assay

Biogenic Fe mat samples were collected from the soil-water in-
terface of high Fe pond and wet sedge sites and a low Fe pond
within both the Toolik Lake and OKS watersheds. Overlying water
(2 L) from each of these sites was also collected. All samples were

transported back to the lab in a cooler at 4°C. The biogenic Fe-
mat samples were centrifuged at 500 x g for 5 min to pellet soil-
water interface material. Then, ~2 g of material from each site
was placed in a glass serum vial and 20 ml of water collected at
the respective site was added to the serum vial and amended with
a sterile sodium citrate solution to 10 mM final concentration. The
citrate solution was added to bind the Fe?* released during dis-
similatory iron reduction (Laufer et al. 2020). Following these ad-
ditions, the soil-water slurry in each vial was bubbled with N, for
5 min with an inline 0.2 um filter before the vials were capped
with a butyl rubber stopper and Al crimp sealed. Four incubation
vials were made for each high Fe site, three live and one killed-
control vials. The two low Fe sites had two sets of three live and
one killed-control vials; to one set we added 200 ul of centrifuge-
concentrated biogenic Fe mat. The killed-control vials were all
treated by boiling the sealed vial for 10 min. For all vials, The Fe?*
concentration was determined by sampling every 12 h for 4 d. Fe?*+
samples were collected with a Ny-flushed needle and syringe; the
300 pL sample for Fe?* was passed through a 13 mm 0.2 pm pore
size nylon filter into a clean 1.5 ml tube, and 100 ul of filtered wa-
ter was pipetted immediately into 1 ml of 1 M HCI to fix the Fe?*.
The ferrozine assay described above was used to quantify Fe?*
concentration.

Results

Geochemistry

The sequential HCl Fe extraction data helped to delineate between
high and low Fe sites in addition to visible flocculant Fe mats at
the sediment-water interface of ponds or clinging to submerged
plant stems and leaves in wet sedge meadows. These high Fe sites
always contained >59 umol Fe(III) gdw~! of total extractable Fe(III)
(0.5M + 6 M HCl extraction fractions). The low Fe sites always con-
tained <20 pmol Fe(I1l) gdw~? of total extractable Fe(Ill) (Fig. 2A).
The high Fe sites contained significantly (P < 0.001) more total ex-
tractable Fe(Ill) compared to ponds that were classified as low Fe
sites (Fig. 2A). Methane concentrations showed higher variability,
and were at the higher end of the concentration range within the
high Fe sites compared to low Fe sites, but there was no statis-
tically significant difference in overall methane concentration of
water collected from high and low Fe sites (Fig. 2B). The pH of wa-
ter from all low Fe sites and timepoints (mean: 8.5; range: 7.3-9.6)
was significantly higher than that from all high Fe sites and time-
points (mean: 6.9; range: 6.4-7.9) (Fig. 2C). Ponds had the highest
mean temperatures (13.7°C) of the three habitat types sampled,
followed by wet sedge meadow sites (11.5°C) and seeps (6.6°C) (Ta-
ble S1). Dissolved oxygen in the overlying water of sampled sites
always remained below 395 uM, with time points earlier in the
summer typically having higher concentrations than later in the
year. High Fe sites were more likely to have oxygen concentra-
tions that decreased to hypoxic levels near ~100 M. Seep and wet
sedge meadows sites routinely had oxygen concentration <20 uM
(Table S1).

Microbial community analysis

The alpha diversity was significantly higher (P < 0.005) in the low
Fe sites than in the high Fe sites (Fig. 3A). The OTU compositions of
high Fe and low Fe sites were significantly different and the varia-
tion between the groups is much greater than the variation within
the groups (ANOSIM: P < 0.001; ANOSIM R statistic = 0.8559).
Within the high Fe sites, OTU compositions and alpha diversity
from samples collected from the three habitat types (ponds, wet
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Figure 2. The total extractable Fe(IIl) (A), methane (B), and pH (C) of high and low Fe sample sites with results of the t-test displayed above each plot.
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Figure 3. Alpha diversity statistics for all high and low Fe sites (A), high Fe sites based on the feature type (B), and high and low Fe ponds only (C).
Asterisks indicate significance codes of T-test, where x = P < 0.01 and s, sk, sk are all P < 0.005.

sedge meadows, and seeps) show significant differences (alpha di-
versity; all pairwise comparisons P < 0.005; Fig. 3B), but there was
higher similarity within the habitat groups, showing more overlap
of OTUs between groups (ANOSIM: P < 0.001; ANOSIM R statis-
tic = 0.5029) than the OTU similarities between high and low Fe
sites. Low Fe ponds have significantly greater alpha diversity com-
pared to high Fe ponds (P < 0.005; Fig. 3C). These between group
differences are shown within the NMDS ordination (Fig. 4) and il-
lustrates the high and low Fe sites separated along NMDS axis
1, while the high Fe sites are separated along NMDS axis 2. The
overall stress of the NMDS plot was 0.132. The environmental vec-
tors are plotted on top of the microbial community composition
points, but only the pH vector shows strong (r> > 0.6) and sig-
nificant (P < 0.01) correlations to the ordination patterns of the
microbial communities. The iron extraction data from all sam-
pled sites (0.5 M HCl extractable Fe(1ll), and 6 M HCI extractable
Fe(I1l)) show significant (P < 0.05), but weak (r> = 0.32) correla-
tions to the ordination patterns of the microbial communities. It
appears that the high Fe sites are separated along the methane
and oxygen concentrations vectors, but these vectors are not sig-
nificant (P > 0.05) and weak correlations (1’ < 0.2) to the ordina-
tion patterns of the microbial communities seen (Oksanen et al.
2013).

High Fe sites contained 36 unique OTUs that were greater than
0.1% relative abundance, had an indicator species stat value of
greater than 0.5, and were statistically significant (P < 0.01) to be
found more often in high Fe sites (Fig. 5). These OTUs comprised
24 unique, named families. Most notably, families containing mi-
croorganisms known to be active in the iron cycle (Gallionellaceae,
Comamonadaceae, Geobacteraceae) and methane oxidation (Methy-
lomonadaceae, Methanobacteriaceae, Methylophilaceae). Low Fe sites
contained 54 unique OTUs that were greater than 0.1% relative

abundance, had an indicator species stat value of greater than
0.5, and were statistically significant (P < 0.01) to be found more
often in low Fe sites (Fig. 5). These OTUs comprised 36 unique,
named families. Most notably, families containing cyanobacteria
(Nostocaceae) and heterotrophic bacteria (Sphingomonadaceae, Xan-
thomonadaceae). The Comamonadaceae family was the only family
to have OTUs represent indicator species for both high and low
Fe sites; however, while the family was represented in both high
and low Fe sites, the indicator OTU identified to the genus level as
Rhodoferax was only present in the high Fe sites. The high and low
Fe sites did not share the same Comamonadaceae indicative OTUs.

Iron-oxidizing bacteria were grouped together and included
members of the Gallionellaceae family and Leptothrix genus for the
purposes of summing the different groups of FeOB present in bio-
genic Fe mats (Table S2). The Gallionellaceae have a mean rela-
tive abundance of 2.6% in high Fe sites, but 0.03% in low Fe sites
(Fig. 6), and Sideroxydans was the most abundant member of the
Gallionellaceae family across all habitat types sampled (Fig. 6). FeOB
members of the Leptothrix genus were present in high and low Fe
sites at roughly equal abundance, with mean relative abundances
of 0.5% and 0.9%, respectively (Fig. 6). All identified FeRB (Table
S2) were more abundant in the high Fe sites with a mean rela-
tive abundance of 4.2% and 1.1% in low Fe sites. Members of the
Geobacter genus were the most abundant FeRB detected in the high
Fe sites, with Geothrix, Aneromyxobacter, Citrifermentans, and Desul-
furomonas present as well, but at lower relative abundances (Fig.
S1). Other putative FeRB taxa are present as the most abundant
OTU and related to Rhodoferax, which is part of the most abun-
dant family (Comamonadaceae) found in this study (Fig S2). High
Fe pond sites typically had the highest relative abundance across
all FeRB genera, except for OTUs within the Desulfuromonas that
were highest in the seep habitat type (Fig. S2B). The methane-
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oxidizing taxa (Table S2) had a higher mean relative abundance
in high Fe sites (3%) compared to low Fe sites (1.1%) (Fig. 6D),
with members of the Methylomonadaceae having the highest rel-
ative abundance of the detected methane-oxidizing families
(Fig. 52C).

Iron reduction assays

Iron reduction was measurable at all high Fe sites (Table 1, Fig. 7).
Pond and wet sedge sites from the TFS watershed had the same

pattern with a ~60 h lag period (0.063 to 0.074 umol Fe?+ gdw~1)
that then increased into a growth phase (0.25 umol Fe?* gdw1).
The OKS sites did not have a lag period, and the pond site did
show higher rates of iron reduction (0.23 pmol Fe?* gdw~?) than
the wet sedge site (0.1 umol Fe?* gdw~1). The low Fe sites always
had near zero rates of iron reduction (<0.015 umol Fe?* gdw~1),
even when excess biogenic mat was added. The killed controls
always also had near-zero rates of iron reduction (<0.02 pmol Fe?*
gdw1).
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Table 1. Linear model details and statistics for iron reduction assays.
Slope (umol Fe?* gdw!
Fe Feature Addition Live/Kill d-1) R? P value
Lag Growth Lag Growth Lag Growth
TES High Pond None Live 1.5 6.0 0.56 0.87 <0.01 <0.01
Kill 0.46 0.46 0.26
Wet sedge Live 1.8 6.0 0.57 0.88 <0.01 <0.01
Kill 0.20 0.38 0.35
Low Pond None Live 0.026 0.26 0.88 0.78 <0.01 <0.01
Kill 0.029 0.61 0.11
Live 0.036 0.36 0.88 0.83 <0.01 <0.01
BiogenicFe
Kill 0.018 0.61 0.11
OKs High Pond None Live 5.5 0.93 <0.01
Kill —0.65 0.97 <0.01
Wet sedge Live 2.4 0.94 <0.01
Kill 0.013 0.055 0.9
Low Pond None Live 0.20 0.89 <0.01
Kill 0.0020 0.09 0.84
Live 0.24 0.83 <0.01
BiogenicFe
Kill 0.0020 0.12 0.78
Discussion S2). OTUs related to the genus Leptothrix are found in equal relative

Role of iron-oxidization and iron-reduction arctic
fe-rich habitats

High Fe sites on the North Slope of AK are defined here by a visi-
ble, reddish-orange ferric iron microbial mat. These mats were es-
pecially abundant in low-lying, water-logged areas of the tundra
dominated by non-tussock-forming sedges (Carex and Eriophorum
species, wet sedge meadows), commonly referred to as wet sedge
meadows. Among our study focal areas, the high Fe sites were in-
habited by known FeOB from the family Gallionellaceae and genus
Leptothrix (Family Commamonadaceae) (Fig. 5 and Figs S2 and S3).
The primary component of these extracellular structures are
poorly crystalline Fe(Ill)-oxides, primarily of the mineral ferrihy-
drite (Chan et al. 2009, Vigliaturo et al. 2020). Sheaths and stalks,
commonly produced by Leptothrix spp. and Gallionella spp., were
observed at most, but not all of the high Fe sites (Figs S5 and S6).
These FeOB are the primary builders of the biogenic Fe mats found
throughout our sampling sites; however, their relative abundance
and distribution does vary based on sample site type (Fig. 6; Fig.

abundance in high and low Fe sites, compared to the OTUs within
the Gallionellaceae family which are found in greater relative abun-
dance in high Fe sites only (Fig. 6). This differential abundance be-
tween these two groups of FeOB is consistent with recent evidence
that L. ochracea, one of the most common sheath-forming FeOB,
can grow mixotrophically (Fleming et al. 2018), and that other
Leptothix species can grow as heterotrophs (Ghiorse 1984), while
members of the Gallionellaceae family are strict chemolithoau-
totrophs, coupling the oxidation of ferrous iron to the reduction
of oxygen for growth (Hallbeck and Pedersen 2015). OTUs related
to Leptothrix were also found in greatest abundance in biogenic
Fe mats within wet sedge meadows, where the biogenic Fe mats
were associated with submerged plant stems and leaves (Fig. S2A).
Wet sedge meadows may also favor the mixotrophic metabolism
of Leptothrix due to root exudates and abundant decaying organic
matter (Giblin et al. 1991, Shaver et al. 2014). Among the Gallionel-
laceae no discernible patterns of habitat preference were observed.
We also did not observe successional patterns between the Gal-
lionellaceae and Leptothrix related OTUs (Fig. S4) over the course
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the TFS watershed had a ~60 h lag period and linear models were fit for both the lag and growth phases. The low Fe site blue triangles and circles are

difficult to distinguish because the plot on top of each other.

of our observation period. Successional patterns have been ob-
served in temperate, wetland-associated biogenic Fe mats that
can transition from being dominated by the Gallionellaceae in early
spring to Leptothrix-dominated biogenic Fe mats, later in the grow-
ing season (Fleming et al. 2014). Our 6-week study encompassed
late spring to mid-summer which is concurrent with the greening
phase of wet sedge meadow dominant plant species, Eriophorum
vaginatum, which is similar to the spring-summer transition ob-
served by Fleming et al. (2014) in a temperate ecosystem. These
findings suggest that ecological patterns observed among temper-
ate communities of Fe-cycling microbes may not hold in the Arc-
tic, where a shallow active layer underlain by permafrost strongly
influences hydrodynamic processes and source of Fe?* for
FeOB.

Iron-reducing bacteria (FeRB) were present in high abundance
in many of the surficial sediments and biogenic Fe mats that we
sampled (Figs S5, S6 and S2B). These FeRB taxa were primarily re-
lated to members of the genus Geobacter, which is a well-known
genus of FeRB (Coates et al. 1996, Methé et al. 2003). OTUs related
to other FeRB genera, such as Geothrix and Anaeromyxobacter (Wag-
ner et al. 2017), were also detected within the biogenic Fe mats
sampled from the three habitat types (Fig. S2B). The FeRB genera
present in biogenic Fe mats around Toolik Field Station are less
diverse compared to those found in active layer soils. For exam-
ple, Pelobacter, Shewanella, and Carboxydothermus were not detected
within the high Fe sites we sampled, but these genera were found
in active layer soils of northern and western Alaska (Wagner et al.
2017). The high abundance (~1-10%) of FeRB within the biogenic
Fe mats supports the idea that high Fe sites contain active Fe-
cycling via organic carbon oxidation, coupling it to the reduction
of ferric iron.

The results of the Fe-reducing experiment (Fig. 7) indicate that
FeRB are active within the high Fe sites, consistent with their high
relative abundance in 16S rRNA gene amplicon libraries (Fig. 6).
This activity is also consistent with the high percentage (81 +
16% [avg+SD]) of poorly-crystalline Fe(IIl)-oxides found in high Fe
ponds and wet sedge meadow sites (Table S1).Itis well established
that biogenic Fe(Ill)-oxides produced by FeOB are thermodynam-
ically favorable electron acceptors for dissimilatory Fe-reducers
(Emerson and Revsbech 1994, Roden and Wetzel 1996), as fine-
scale analysis shows that FeOB produce poorly crystalline extra-
cellular Fe(Ill)-oxides, such as ferrihydrite (Chan et al. 2009, 2011,
Vigliaturo et al. 2020). Further, the high percentage of 0.5 M HCI
extractable Fe(Ill) was maintained over the course of the sum-
mer at our high Fe sites (Table S1), indicating that there was
continual production of poorly-crystalline Fe(IIl) phases, poten-
tially through sustained internal Fe-cycling coupled to mineral-
ization of organic matter (Sobolev and Roden 2002, Roden et al.
2012) and supported by the high relative abundances of both
FeOB and FeRB (Figs 5 and 6). Continual Fe(Ill)-oxide production
by FeOB would counteract the ageing process of Fe(Ill)-oxides to
those less thermodynamically-favorable for FeRB (i.e. ferrihydrite
to goethite, Aeppli et al. 2019). Oxygen concentrations of water
overlying biogenic Fe mats also varied over the course of the sam-
pling period, showing the potential for these habitats to experi-
ence transient hypoxia and an increased potential for anoxic con-
ditions conducive to iron reduction (Table S1). Thus, these Arc-
tic biogenic Fe mats may be hotspots of organic carbon degrada-
tion via iron reduction due to internal iron cycling within sub-
oxic and anoxic microsites or during changes in hydrology which
drives anoxia throughout the biogenic Fe mats (Herndon et al.
2019).
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Significant microbial iron-mat community
members and biogeochemical implications

FeOB and FeRB are foundational members of biogenic Fe mats,
in large part due to the copious production by FeOB of filamen-
tous Fe-oxides that add physical structure to their habitat. In this
sense, they may act as ecological engineers (Fleming et al. 2018),
constructing mats that also harbor phylogenetically and function-
ally diverse microbial communities that play important roles in
other element cycles. The FeOB and FeRB taxa discussed above
are also represented by families (Gallionellaceae and Geobacteracaea)
that are statistically significant as indicator taxa of the high Fe
sites that we sampled. The most abundant and indicative fam-
ily of high Fe sites was Commamonadaceae, particularly the genus
Rhodoferax. The most abundant OTU was related to Rhodoferax fer-
rireducens (99.1%, based on V4V5 region of the 16S rRNA gene), a
facultative organism known to couple Fe(IIl) reduction to anaero-
bic respiration on acetate or lactate (Finneran et al. 2003, Zhuang
et al. 2011). A recent study reported on a novel Rhodoferax strain
isolated in Japan that could also grow via Fe-oxidation (Kato and
Ohkuma 2021). We isolated a strain closely related to R. ferrire-
ducens from a 10~ dilution enrichment for microaerophilic FeOB
from the OKS seep site; however, upon further analysis this strain
was capable of heterotrophic growth under very low nutrient con-
ditions, and growth coupled to lithotrophic Fe-oxidation or res-
piratory Fe-reduction in this strain has not been confirmed (D.
Emerson, unpublished data). The exact role of these abundant
Rhodoferax-related OTUs in these iron mat communities remains
to be elucidated.

Methylotrophic taxa (Table S2) are also significant and indica-
tive community members of the high Fe sites (Figs 5 and 6),
especially the families Methylomonadaceae and Methylophilaceae
(Gammaproteobacteria) (Fig. 5). We use the term methylotrophic
throughout to acknowledge that these taxa are capable of
methane oxidation and, in some cases, the oxidation of other Cq
compounds including methanol (Chistoserdova et al. 2009). Coin-
cident with the presence of these methylotrophs, methane was
detected in the waters at all sites with a wide range of concentra-
tions from ~200-13 000 nM (Table S1), thus methane was available
to support methanotrophy. We are aware of only one study that
specifically looked for the presence of methane-oxidizing bacteria
in temperate biogenic Fe mats (Kato et al. 2012). The dominant,
putative methane-oxidizers from that study were in the family
Methylococcaceae (Gammaproteobacteria), also present in the arc-
tic mats, but were less abundant and not a significant, indica-
tive taxa of high Fe sites (Fig. 5; Fig. S2C). The most abundant
and active methylotrophic bacteria found in tundra soil are pri-
marily composed of members of the Methylocystaceae (Alphapro-
teobacteria) (Blaud et al. 2015), categorized as type II methan-
otrophs. Type II methylotrophs possess a high-affinity methane
monooxygenase gene and can inhabit low methane environments
(Knief 2015). Whereas, type I methanotrophs (Gammaproteobac-
teria) are known to possess low-affinity particulate methane
monooxygenase enzymes meaning they are better adapted to
higher methane environments. Finding methylotrophs which are
known to possess type [ methane monooxygenase gene is indica-
tive that biogenic Fe mats are occurring in relatively methane-rich
environments, and selecting for a different population of methy-
lotrophs compared to tundra soils. The structural properties of
actively growing filamentous FeOB within wet sedge meadows,
ponds, and seeps result in a loosely consolidated microbial mat
that provides a large and relatively fixed surface area for the at-
tachment of other microbes, including methane oxidizers. In fact,
studies of wet sedge meadows show a relatively consistent frac-

Michaudetal. | 9

tion of methane oxidized, indicating there is efficient methane
oxidation in these habitats (Moosavi and Crill 1998). We postu-
late that biogenic Fe mats observed in the wet sedge meadows
are a methane biofilter atop saturated, organic-rich soils within
wet sedge meadows and provide a relatively consistent habitat,
both spatially and temporally, that promote Gammaproteobacte-
rial methylotrophic bacteria across wet sedge meadows, an abun-
dant habitat type in the tundra (Britton 1966, Walker et al. 1989).
Nonetheless, the consistent presence of methane combined with
significant abundance of methylotrophs indicates that there is
continual production and consumption of methane occurring in
these habitats where Fe-cycling is a dominant process. This pro-
vides further evidence that an active Fe-cycle does not fully in-
hibit methane production, and consumption (Lipson et al. 2010,
Miller et al. 2015); however, determining the degree to which ac-
tive Fe-cycling may suppress methanogenesis remains an open
question.

Disturbance microbial ecology

Low Fe sites supported different microbial communities com-
pared to high Fe sites (Figs 4, 5, and 6). These low Fe sites that
we sampled in the TFS region were some of the only consistently
water-logged sites that we could find that did not support con-
spicuous biogenic Fe mats at the soil or sediment surface. Three
of the four low Fe sites were located in areas where gravel min-
ing had occurred during the construction of the Dalton Highway
in the early 1970s. The gravel mining removed the organic soil
layer to access the gravel-rich glacial till nearly 50 years ago (Auer-
bach et al. 1997), yet conditions which support iron cycling have
not returned to the ponds in these disturbed sites. By compari-
son, the surficial sediment from low Fe pond sites had a signifi-
cantly different microbial community (Fig. 4) with different taxa
predominating and, aside from Leptothrix, a notable absence of
presumptive FeOB (Figs 4 and 6). The overall microbial diversity
was higher at the low Fe sites (Fig. 3) compared to the high Fe
sites. These findings suggest that the conditions which promote
the presence of Fe mats act as an important environmental fil-
ter that selects for particular microorganisms, especially those
involved in Fe-cycling, and may reduce overall microbial diver-
sity. The significant difference of the microbial community struc-
ture found at high and low Fe sites can be seen in the separation
of the community along the first NMDA axis (Fig. 4). One envi-
ronmental driver contributing to the microbial community differ-
ences between the high and low Fe sites is pH. We know that pH
is a major driver of microbial community composition in the Arc-
tic (Malard and Pearce 2018, Malard et al. 2019) and low Fe sites
sampled in this study have a significantly higher pH than high Fe
sites (Figs 2C and 4). The pH of the site water is a significant envi-
ronmental variable driving these community differences (Fig. 4).
The pH of the low Fe ponds may be significantly higher compared
to surrounding tundra due to the acid buffering capacity of the
calcium carbonate-rich gravels that were mined for road building
(Auerbach et al. 1997). The gravel mining disturbance at our low
Fe site may be contributing through a loss of habitat and to the
maintenance of basic pH conditions that together no longer sup-
port biogenic Fe mats at the surface of pond sediments. We ex-
tend the impacts of gravel mining and construction-related dis-
turbance to an alteration of the microbial communities that in-
habit the surface sediment of ponds, which may alter the biogeo-
chemical cycling of iron and, by association, alter the movement
of plant limiting nutrients, such as phosphorus (Herndon et al.
2019).
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In fact, our Fe reduction rate measurements show that low Fe
sites have very little measureable Fe reduction occurring (Fig. 7,
Table 1). We attempted to stimulate Fe reduction by introducing
biogenic Fe mats to the low Fe site incubations as a source of ther-
modynamically favorable Fe(IlI) (Figs 7A and C). These treatments
resulted in rates of Fe reduction that were indistinguishable from
the low Fe site incubations without added biogenic Fe mats (Fig. 7,
Table 1). The loss of biogenic Fe mats has the potential to disrupt
nutrient movement between the sediment and water column of
these ponds due to the ability of Fe(Ill)-oxides to bind phosphorus
and trace metals in lake sediments and soils (Whalen and Corn-
well 1985, Cornwell and Kipphut 1992, Herndon et al. 2019). With-
out biogenic Fe(Ill)-oxides present, phosphorus may bind to more
crystalline forms of Fe(IIl) minerals or other non-Fe minerals (i.e.
Ca) (Herndon et al. 2019). These mineral phases bind phospho-
rus to minerals which are not impacted by microbial driven re-
dox cycles and reduce recycling of phosphorus back to the water
column. Thus, iron reducing microorganisms may play an impor-
tant role in recycling phosphorus through their reductive disso-
lution of Fe(IIl) minerals, which occurs more readily with poorly
crystalline Fe(IIl)-oxides. Gravel mining creates aquatic habitats
that possess different microbial communities to natural tundra
ponds and alters the function from one that is more likely to recy-
cle plant-limiting nutrients to one that is more likely to sequester
those nutrients.

Conclusions

Microbial communities associated with biogenic Fe mats in Arc-
tic Alaska are taxonomically and functionally unique compared
to other tundra habitats, and host abundant taxa important for
carbon and iron cycling, with the Gallionellaceae being the major
lithotrophic group of FeOB. These communities were relatively
stable, showing little spatial variation across different Arctic habi-
tat types. FeRB are abundant and contribute to making biogenic Fe
mats potential hot spots of organic carbon remineralization, likely
outcompeting methanogenesis in this habitat with abundant,
biogenic and labile Fe(IIl)-oxides. Further, biogenic Fe mats host
methane-oxidizing microorganisms that consume methane be-
fore it is emitted to the atmosphere. These key functional groups
of microorganisms are lost from sites subjected to gravel min-
ing activities, even after 50 years. Biogeochemical cycles within
a gravel mining-impacted site have also been disrupted, as iron
cycling does not appear to be active in these disturbed tundra
aquatic habitats. We conclude that biogenic Fe mats are a major
component of wet sedge meadows and other water-logged habi-
tats underlain with permafrost. In these natural tundra habitats,
iron cycling is active and disturbed habitats are likely to lose their
iron cycle and the beneficial methylotrophic and iron reducing
taxa that promote methane oxidation and phosphorus recycling,
respectively.
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