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The role that neutrophilic iron-oxidizing bacteria play in the Arctic tundra is unknown. This study surveyed chemosynthetic
iron-oxidizing communities at the North Slope of Alaska near Toolik Field Station (TFS) at Toolik Lake (lat 68.63, long
�149.60). Microbial iron mats were common in submerged habitats with stationary or slowly flowing water, and their greatest
areal extent is in coating plant stems and sediments in wet sedge meadows. Some Fe-oxidizing bacteria (FeOB) produce easily
recognized sheath or stalk morphotypes that were present and dominant in all the mats we observed. The cool water tempera-
tures (9 to 11°C) and reduced pH (5.0 to 6.6) at all sites kinetically favor microbial iron oxidation. A microbial survey of five sites
based on 16S rRNA genes found a predominance of Proteobacteria, with Betaproteobacteria and members of the family Coma-
monadaceae being the most prevalent operational taxonomic units (OTUs). In relative abundance, clades of lithotrophic FeOB
composed 5 to 10% of the communities. OTUs related to cyanobacteria and chloroplasts accounted for 3 to 25% of the commu-
nities. Oxygen profiles showed evidence for oxygenic photosynthesis at the surface of some mats, indicating the coexistence of
photosynthetic and FeOB populations. The relative abundance of OTUs belonging to putative Fe-reducing bacteria (FeRB) aver-
aged around 11% in the sampled iron mats. Mats incubated anaerobically with 10 mM acetate rapidly initiated Fe reduction,
indicating that active iron cycling is likely. The prevalence of iron mats on the tundra might impact the carbon cycle through
lithoautotrophic chemosynthesis, anaerobic respiration of organic carbon coupled to iron reduction, and the suppression of
methanogenesis, and it potentially influences phosphorus dynamics through the adsorption of phosphorus to iron oxides.

The Arctic tundra biome is fascinating in its own right and has
the potential to be heavily affected by changes in climate asso-

ciated with increased atmospheric CO2 concentrations and global
warming. One of the most dramatic impacts is likely to be a change
in the dynamics of permanently frozen soils (permafrost) as over-
all temperatures rise and the shoulder seasons of thaw and
freeze-up expand (1–3). Understanding the biogeochemical im-
plications of climate change in the Arctic is important, in part
because relative to its total landmass area, permafrost stores an
outsized fraction of organic carbon (4). The fate of that carbon,
especially the portion that is mineralized to CO2 and/or methane,
has the potential to impact further climate change through the
release of greenhouse gases. Understanding the range of biogeo-
chemical processes in the Arctic and how they impact the carbon
cycle, either directly or indirectly, is thus of vital importance.

In general, the microbial iron cycle in the Arctic tundra is
poorly understood. Only in the past few years have studies started
to investigate the reductive aspects of the iron cycle, which have
shown that Fe-reducing bacteria can account for a large fraction of
the respiration in anoxic Arctic soils (5). There are no published
reports on the role of bacteria in iron oxidation in the Arctic, nor
is there much information, beyond anecdotal reports, about the
occurrence or abundance of biogenically produced iron oxides
associated with tundra wetlands or streams. In contrast, in tem-
perate ecosystems, it is now well established that specific commu-
nities of bacteria inhabit a variety of aqueous habitats where there
are persistent gradients of Fe(II) and O2 that result in visible pre-
cipitation of rust-colored iron oxyhydroxides (6).

Fe-oxidizing bacteria (FeOB) that utilize Fe(II) as their pri-
mary energy source are dominant members of these communities
(6). These organisms precipitate large quantities of Fe oxides
through the production of morphologically unique extracellular

structures that form the primary fabric of the microbial mat. For
example, two iconic FeOB are sheath-forming Leptothrix ochracea
and stalk-forming Gallionella ferruginea, which produce iron-en-
crusted sheaths and stalks, respectively, both of which are easily
recognized by light microscopy. Iron mats impact the local envi-
ronment by increasing the tortuosity of water flow, and the oxides
provide a large reactive surface area for the sorption of other met-
als, phosphates, and dissolved organic matter (7, 8). As a result,
iron mats have the capacity to influence the local water chemistry,
extending the influence of these microbes beyond their immediate
environment.

Under aerobic conditions, FeOB must compete with abiotic
iron oxidation, according to the following reaction (9):
�d[Fe(II)]/dt � k � [Fe(II)] � [O2] � [OH�]2, where k is a rate
constant. The pH of natural waters exerts the greatest control over
the kinetics of abiotic iron oxidation; however, the rate constant k
is also temperature dependent, and a 10°C reduction in tempera-
ture can lower abiotic oxidation rates by severalfold (10). Finally,
the presence of organic ligands can also stabilize Fe(II) and result
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in its being less prone to oxidation (11). These kinetic properties,
together with the knowledge that submerged and partially sub-
merged moderately acidic (pH 5 to 6) soils (often referred to as
moist acidic soils) are common in the tundra (4), led to a hypoth-
esis that permafrost regions with mineral-containing soils might
be good habitats for FeOB and result in a biologically driven iron
cycle. These conditions are quite common on the North Slope of
the Brooks Range in Alaska, which led to this investigation for
microbial iron mats around the Toolik Field Station (TFS). As it
turns out, iron mat communities were found to be very abundant
in the area around Toolik. An initial characterization of several
iron-oxidizing communities is presented here, and some possible
implications of their presence for other biogeochemical processes
in the tundra are discussed.

MATERIALS AND METHODS
Study overview, site description, and sampling. All sampling was done
between 13 and 20 July 2014 at the long-term ecological research (LTER)
site at the TFS, located at Toolik Lake on the North Slope of the Brooks
Range in Alaska. Most of the sampling was done within a 10-km radius of
TFS by visiting different rivers and catchment basins accessible by road
and/or foot. On two occasions, a helicopter was used to fly approximately
50 km north to the site of the Anaktuvuk River tundra fire that occurred in
2007 (12). More details about specific sample sites are provided in the
Results. Microbial mats were sampled in volumes ranging from 10 to 45
ml using either a 5- or 10-ml pipette, with care given to acquire only
material within the top centimeter of the mat, unless otherwise stated. Mat
samples were placed in either 15- or 50-ml plastic conical tubes, put in a
cooler containing blue ice, and returned to the laboratory for processing.
Samples for DNA extraction were frozen and returned to Bigelow Labo-
ratory. Samples for microscopy were either viewed live within a few hours
of collection or fixed with 2% glutaraldehyde for later analysis. These fixed
samples were used for doing direct total cell counts from mat samples
using a previously described method (13), with the following modifica-
tions: the nucleic acid dye SYTO 13 (Invitrogen) was substituted for acri-
dine orange, and fluorescent antibody slides (Gold Seal; Thermo Scien-
tific) with circumscribed 1-cm circles were used in place of regular
microscope slides.

The ferrozine assay was used to determine the iron concentrations in
waters associated with the surface of iron mats (14). Approximately 0.5 ml
of sample water was collected in a 1-ml syringe and passed through a
0.2-�m-pore-size filter, and 0.1 ml of filtrate was added to 0.9 ml of
ferrozine reagent in the field. To determine iron concentrations deeper
within microbial iron mats, a prefilter step was included to eliminate thick
mat precipitates that can rapidly clog syringes and filters. For this purpose,
the barrel end of a 10-ml plastic syringe was cut off, such that about 2.5 cm
of the barrel remained; this was filled loosely with glass wool, and a
100-�m Nitex mesh was placed over the open end of the syringe barrel
and held in place with a zip tie. The prefilter was connected to a regular
10-ml syringe with a small length (�1 cm) of plastic tubing. For use, the
prefilter was placed to the selected depth in the mat and a sample was
drawn up, the prefilter was removed, and the sample was filtered through
a 0.2-�m-pore-size filter into the ferrozine reagent in a 1:20 dilution.
Ferrozine samples were returned to the lab for analysis, as described pre-
viously (15).

The pH of field waters was determined either with pH paper (0.5-pH-
unit increments) or in the field using a handheld SG23 SevenGo Duo pH
meter (Mettler Toledo). Temperature was recorded with a standard ther-
mometer. At some sites, bulk water samples were collected from water
overlying the microbial mats in acid-washed bottles for analyses of dis-
solved organic carbon (DOC), total dissolved nitrogen (TDN), and total
dissolved phosphorus (TDP). Upon return to the laboratory, the water
samples were filtered through a 0.2-�m-pore-size filter and stored at
�20°C prior to analysis. DOC and TDN were analyzed at the Rubenstein

Ecosystem Science Laboratory at the University of Vermont using a Shi-
madzu TOC-TN chemiluminescent analyzer. TDP was analyzed at the
same laboratory by doing a persulfate digestion, followed by analysis on a
Shimadzu UV-2600 spectrophotometer at 885 nm using the ascorbic acid
method (13) (see the Arctic LTER streams protocol for details [http:
//ecosystems.mbl.edu/ARC/streams/protocol2.html]). Samples for methane
were also collected at a subset of sites by adding 10 ml of water to 5 ml of
0.1 N NaOH in 20-ml serum vials capped with butyl rubber stoppers.
These samples were returned to the laboratory, frozen inverted at �20°C,
and returned to Bigelow Laboratory, where they were analyzed for meth-
ane content on an SRI model 310 gas chromatograph equipped with a
flame ionization detector, as previously described (16).

Oxygen profiling. Field profiles for O2 were done using a battery-
powered FireSting optode (Pyro Science GmbH) connected to a laptop
computer loaded with the FireSting software package. The optode was
held with a manually operated micromanipulator mounted on a ring
stand weighed down with a rock in such a way as to minimize disturbance
to the microbial mat. The tip of the optode was placed at the water surface,
and then the tip was moved to the mat surface and into the mat at vertical
increments of as small as 50 �m. The O2 data (obtained in �M) were
recorded at 3-s intervals on a laptop computer, with a minimum of 20 s of
data collected at each depth. In cases in which the water overlying the iron
mat was too deep (�5 cm) for the micromanipulator, hand measure-
ments were made by holding the optode at the approximate desired depth,
as determined with a ruler, while data were recorded. The oxygen data
were transferred to Microsoft Excel for analysis and graphed using the
DataGraph software package.

Iron reduction assays. Testing freshly collected mat material for the
potential to support iron reduction was done in anoxic medium inocu-
lated with iron mat, incubated up to 8 days, and the production of Fe(II)
was regularly measured using ferrozine, as previously described (15).
Briefly, serum bottles (total volume, 110 ml) capped with butyl rubber
stoppers containing modified Wolfe’s mineral medium (40 ml) with 20
mM bicarbonate buffer (pH 6.7) and 10 mM sodium acetate were pre-
pared anoxically, and the bottles were sterilized by autoclaving prior to
traveling to TFS. Mat samples were added directly to duplicate serum
bottles for each incubation via syringe in volumes ranging from 5 to 10 ml,
and the bottles were incubated in the dark at room temperature (18 to
21°C). Each day, approximately 0.3 ml of the liquid was removed in du-
plicate to quantitate the release of Fe(II) with the ferrozine assay. Samples
collected during the later period of field work had iron measurements
done for the first 3 days at TFS and then were placed in a cooler with blue
ice and shipped to Bigelow Laboratory, where incubations were continued
for an additional 4 days.

Microscopy of samples was done on fresh samples using a Zeiss Axio
imager equipped with phase-contrast and epifluorescence capabilities and
housed at TFS, or on glutaraldehyde-fixed samples at Bigelow Laboratory
using an Olympus BX 60 microscope. For epifluorescence, the nucleic
acid dye SYTO 13 (Invitrogen) was used to stain cells associated with iron
oxides.

DNA extraction and 16S rRNA gene 454 pyrosequencing. Approxi-
mately 250 mg (wet weight) of mat material was extracted from each
sample and sequenced using previously published methods (17).

Sequence processing. All sequence processing was performed using
mothur version 1.34.0, in accordance with a previously published meth-
odology (17) (mothur.org/wiki/Schloss_SOP). Primer and barcode se-
quences were removed, followed by the elimination of any short reads
(�300 bp), reads containing more than six homopolymers, and/or any
ambiguities. Alignments were generated against a SILVA-based reference
alignment (mothur.org/wiki/Silva_reference_files), in accordance with
previously published methods (17). Putative chimeras were eliminated
from the filtered alignments using UCHIME as implemented in mothur
(template, self; settings, default), and a Phylip-formatted distance matrix
(calc, one gap; count end penalty, true) was clustered using the average-
neighbor algorithm. For taxonomic classification of pyrotag reads, we
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used a mothur-modified Greengenes reference taxonomy, in accordance
with previously published methods (17). Based on the resultant taxo-
nomic summaries, we also calculated the consensus taxonomy for indi-
vidual OTUs at 97% sequence identity. For a comparison of eight samples
collected as part of a previous study of an iron mat in Maine (18), the
pyrotag sequences that used the same V4 region from that study were
processed together with the TFS samples to produce a single data set for
analysis.

Estimates of community diversity. Alpha diversity was estimated for
each sample (based on the number of reads in the smallest sample; Table
1) using the following indices: the inverse Simpson index (1/D, nonpara-
metric index, sensitive to abundant OTUs), Berger-Parker index (d, pro-
portional abundance of dominant OTU); the Q-statistic (Q, parametric
index not skewed by very rare/abundant OTUs), and Good’s coverage (C,
an estimate of sample coverage based on the proportion of OTUs to
reads).

Oligotyping and MED. Minimum entropy decomposition (MED)
analysis was performed on 20,354 aligned pyrotag reads from 13 samples
(Alaska, 5; Maine, 8) with the MED pipeline (version 1.7; available at
http://oligotyping.org/MED) (19). After quality filtering using default pa-
rameters, 20,060 reads remained. Dendrograms and a heatmap (columns
represent samples, rows represent MED nodes) were generated using the
o-heatmap.R script available as part of the MED pipeline, with default
parameters. Oligotyping was performed on 3,001 aligned pyrotag reads
corresponding to OTU1 (97%) with the oligotyping pipeline (version 1.7;
available from http://oligotyping.org) using five components following
the initial entropy analysis. To reduce noise, each oligotype had to (i)
appear in �3 samples, (ii) occur in �10.0% of the reads for at least one
sample, (iii) represent a minimum of 100 reads in all samples combined,
and (iv) have a most-abundant unique sequence with a minimum abun-
dance of 100. Oligotypes that did not meet these criteria were removed
from the analysis. The final number of quality-controlled oligotypes re-
vealed by the analysis was 5, representing 2,484 reads, equivalent to
82.77% of all reads analyzed from OTU1.

Nucleotide sequence accession numbers. All pyrosequencing librar-
ies were deposited at the European Nucleotide Archive under the study
accession numbers PRJEB10276 and ERP011506.

RESULTS
Evidence for microbial iron oxidation. At nearly all the sites (9 of
10) visited at TFS in July 2014, evidence of microbial iron oxida-
tion was observed in the form of rust-colored precipitates that
were often striking in their prevalence. Iron mats were either as-
sociated with submerged plant stems or found on sediment sur-
faces, and in many cases, the overlying water bore a metallic sheen.
To help make sense of the distribution of iron-oxidizing commu-

nities, four different types of iron mats were classified based on
associated landscape features (Fig. 1). These were (i) stream/river
bank iron seeps, typically 5 to 30 cm deep, with slow flowing water,
and centimeters-thick light orange-yellow-colored iron mats; (ii)
tundra potholes, small (�1.5 m in diameter) and shallow (�0.5 m
deep) open pools of either standing or slow flowing water with
iron oxides associated with either sediment layers, or with plant
stems in the water; (iii) partially submerged wet sedge meadows
dominated by cottongrass with flocculent iron mats, 0.5- to 2-cm
thick, which coated the plant stems and/or sediments; and (iv)
larger pools or small ponds typically 5 to 30 m across and 1 to 2 m
deep, with clearly visible bottom sediments coated with flocculent
iron oxides. For logistical reasons, these larger pools were not
sampled during this study. The microbial iron mats associated
with wet sedge meadows had the largest areal extent and could
cover hundreds of square meters.

The temperature and pH of the different sites were quite con-
sistent, with temperatures between 9 and 11°C (mid-July) and a
pH range of 5.0 to 6.5 (Table 1). The DOC and TDN levels mea-
sured at a subset of sites were consistent with concentrations
found in nearby streams, while TDP levels were slightly higher
than concentrations found in stream and river waters in the
Toolik region. Phase-contrast or bright-field microscopy of oxide
samples from the different microbial mat types immediately con-
firmed the presence of morphotypes that are diagnostic for the
presence of FeOB. These were either stalks, characteristic of Gal-
lionella spp., sheaths, characteristic of Leptothrix ochracea, or a
combination thereof (Fig. 1). Microscope slides placed in a wet
sedge meadow site adjacent to Toolik Lake and close to the BW1
and BW2 sites were colonized within 24 h by stalked and sheathed
morphotypes of FeOB (see Fig. S1 in the supplemental material),
confirming active growth.

Molecular analysis of microbial communities. Iron mats
from five different sites representing three of the different land-
forms, as described in the section above, were collected for DNA
extraction and community analysis using 16S rRNA gene surveys.
Consistent with other freshwater iron-oxidizing communities,
Betaproteobacteria had the greatest relative abundance (between
18 and 40%) of any higher (class or above) taxonomic group (Ta-
ble 2). A comparison of the most abundant orders found from the
different TFS sites showed that Burkholderiales were universally
abundant in all TFS samples (Fig. 2), while the Sphingobacteriales

TABLE 1 Characteristics of nine separate iron mat sitesa

Site Temp (°C) pH

Mean level (�M) of:

DescriptionFe(II) TDN DOC TDP Methane (SD)

South River 9 5.5 270 Flocculant mat, seep adjacent to river
Ref 6 site 11 5.5 480 Wet sedge meadow
Toolik River TK 1 8.2 5.2 60 Pool near edge of stream
Toolik River TK 3 9 NDb 20 Wet sedge meadow
Kuparuk River Fe seepc 11 6.5 170 33.7 861 0.91 33.14 (25.6) Flocculant mat, seep at river bank
Kuparuk River potholec 9 5 320 64 1,578 0.5 0.56 (0.07) Small pool
Toolik BW1c 10 5 60 16.4 616 0.07 5.26 (7) Wet sedge meadow
Toolik BW2c 10 5 20 Wet sedge meadow
Toolik base Fe seepc 11 6 170 8.2 237 0.14 2.13 (2.64) Flocculant mat adjacent to lake
a South River and the Ref 6 site are located near the burn site on the Anaktuvuk River. The other sites are in the vicinity (�20 km) of TFS. Blank spots in the table signify that no
data were collected.
b ND, not determined.
c Samples collected for microbial community analysis.
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(Bacteroidetes) and Rhizobiales (Alphaproteobacteria) showed the
most variability. The Nitrosomonadales, dominated by the family
Gallionellaceae, were present at all sites, but the relative abundance
of this group varied substantially between sites. Other higher tax-
onomic groups that were abundant included Bacteroidetes (15%),
Deltaproteobacteria (11%), Alphaproteobacteria (9%), and Cyano-
bacteria (7%) (Table 2).

At a finer scale of taxonomic resolution, the family Gallionel-
laceae and genus Leptothrix (both Betaproteobacteria) accounted
for about 5.3% of the total reads (range, 1.6 to 11.2%) (Table 2).
These two taxa have the strongest association with known FeOB,
since all isolates of the Gallionellaceae are microaerophilic lithoau-
totrophic FeOB, e.g., Gallionella ferruginea, while the Leptothrix

reads were closely related to L. ochracea, an uncultured but long
recognized sheath-forming FeOB (20). Comamonadaceae had the
greatest abundance of any lower (family or below) taxonomic
level, accounting for 22% of the total reads at the five sites (range,
9.0 to 31.3%) (Table 2). The majority of reads most closely asso-
ciated with the genus Rhodoferax accounted for the majority, 13%
on average, of the total OTU reads within this family. The overall
diversity indices for the different sites are shown in Table S1 in the
supplemental material.

Oxygen profiles. High-spatial-resolution oxygen measure-
ments showed interesting variations in O2 profiles among the pro-
filed mats (Fig. 3). An oxygen profile from a mat at the Kuparuk
River seep that had visual evidence for the presence of photosyn-

FIG 1 Examples of microbial iron mats in the vicinity of TFS (A to D) and photomicrographs of iron mat communities (E to G). (A) Iron microbial mat
associated with a seep along the bank of the Kuparuk River. (B) Wet sedge meadow dominated by the cottongrass Eriophorum angustifolium. (C) Small pool or
pothole. (D) Small pond with iron oxides on sediment. (E) Mat dominated by sheaths of L. ochracea. (F) Mat dominated by helical stalks reminiscent of
Gallionella species. (G) Mixed morphotypes, with arrows denoting capsular oxides, indicating the possible presence of Siderocapsa species. Scale bars � 5 �m.

TABLE 2 Phylogenetic breakdown of different 16S rRNA gene OTUs as percentages of the total numbers of OTUs from different sites

Phylogenetic groupa

% of total OTUs by site

BW1 BW2 Kuparuk River seep Toolik River seep Kuparuk River pothole
All sites
(mean)

Acidobacteria 1.6 1.9 2.4 3 0.5 1.4
Bacteroidetes 8.7 10.2 2.9 12 25 14.8
Cyanobacteria 13 6.3 25 3.3 4 7.3
Proteobacteria 48.1 60.3 52 49 61 56.5

Gammaproteobacteria 6.2 4.5 2.7 4.1 2.8 4
Alphaproteobacteria 6.8 14.8 4.6 17.2 2.7 9.3
Deltaproteobacteria 16 8.4 7.7 5.7 14.7 10.9
Betaproteobacteria 17.5 32.2 33.5 21 40.8 31.5

Comamonadaceae 9.0 21.4 19.3 15 31.3 22
Rhodoferax spp. 3.6 12.5 11.2 11 17.5 12.8

Gallionellaceae 2.6 1 7 0.3 3.2 2.3
Leptothrix spp. 0.2 3 4 1.3 4.7 3
Gal � Leptob 2.8 4 11 1.6 7.9 5.3
a The first group comprises prevalent phyla, the second group Proteobacteria, the third group members of the Comamonadaceae, and the last group putative FeOB.
b Gallionellaceae and Leptothrix spp. combined.
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thetic organisms, based on a slight greenish tinge and microscopic
evidence for algal cells, showed an increase in O2 concentration at
the surface. This confirmed that an active community of photo-
synthetic microbes was present. The overall O2 concentrations in
this mat were relatively high (50 to 170 �M), and advective flow

was visible, likely also contributing to O2 replenishment at deeper
depths within the mat. In another mat at the Toolik Lake seep (Fig. 3,
blue circles), covered by about 0.5 cm of water and with no visible
flow, a steady O2 consumption profile was observed initially; in-
explicably, however, the O2 concentration increased deeper
within the mat and then decreased below detection at the sedi-
ment interface at a total depth of 3 cm. Dissection of this mat after
profiling revealed it was actually about 1 cm thick and floated 1 cm
above the sediment, resulting in a water channel beneath the mat
that was a source of O2 from beneath. The third profile done at
BW1 (Fig. 3, red squares) was from a mat that formed on a sedi-
ment surface where advective flow was not observed, resulting in a
relatively steep O2 gradient. In this case, the Fe(II) concentration
in the surface waters above the mat was 135 �M, while an Fe(II)
concentration of 615 �M was measured in the pore water sample
taken from within the mat near the sediment interface, indicating
relatively steep opposing gradients of Fe(II) and O2 that promote
the growth of FeOB.

Iron reduction. The potential rates of iron reduction in the
presence of 10 mM acetate, normalized to the mat volume, were
comparable for all sites, although the total amount of Fe(III) that
was reduced varied between sites (Table 3). This might partially be
a function of the total iron available in the mats. If mat samples
were not supplemented with acetate, little reduction occurred
(data not shown). For all the sites, there was a net release of Fe(II)
due to reduction within �48 h, and the Toolik Lake and Kuparuk
River samples showed detectable Fe reduction within �24 h (Ta-
ble 3). These two sites had relatively high abundances of Deltapro-
teobacteria that include known FeRB belonging to the Geobacter-
aceae; community analysis was not done for the other sites. There
was no evidence for magnetite formation following iron reduc-
tion; however, in at least one case, some iron sulfide precipitated 2
weeks after the initiation of reduction, suggesting that sulfate re-
duction had also taken place.

Structure within a mat. The iron mat associated with the Ku-
paruk River iron seep was 6 to 7 cm thick and covered by approx-
imately 8 cm of slowly flowing water (see Fig. S2 in the supple-
mental material). A low-resolution (1- to 2-cm scale) profile of
physicochemical and microbial diversity revealed interesting dis-
tribution patterns within the mat. The O2 concentration was
higher in the surface mat layer (0 to 1 cm) than it was in the
overlying water (Fig. 4), but then at a depth of 3 cm, it fell below
detection. The 60% increase in O2 concentration in the mat sur-
face compared to that of the overlying water is most likely ex-
plained by the high relative abundance of cyanobacterial (and
chloroplast) OTU reads in the surface layer, indicating that an
active photosynthetic population was producing O2. The relative
abundance of FeOB decreased with increasing depth, while the

FIG 2 Comparison of the relative abundances of predominant class-level
OTUs from the five TFS sites.

FIG 3 Oxygen profiles made at three different iron mats at TFS. The zero
depth is the air-water interface, and the black bars represent the approximate
surfaces of the iron mat beneath the water surface. The blue profile is from the
Toolik Lake seep station, the green profile is from the Kuparuk River seep, and
the red profile is from a mat close to the sediment layer in a wet sedge meadow
near site BW1. See the text for details.

TABLE 3 Iron reduction rates, as calculated from Fe reduction
experiments from four different sites

Site

Mean Fe reduction
rate
(�M h�1 · ml of mat)

Mean total Fe
reduced (SD)
(�M)

Lag time
(h)a

South River 0.94 580 (138) �48
Ref 6 site 2.5 847 (182) �48
Kuparuk River seep 1.7 2,930 (237) �24
Toolik River seep 1.68 2,200 �24
a Time until detectable Fe2�.
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abundance of Deltaproteobacteria reads increased with increasing
depth (Fig. 4), consistent with the majority of OTUs of the Delta-
proteobacteria being related to known lineages of anaerobes, in-
cluding the Geobacteraceae. The Fe(II) concentration near the mat
surface was 250 �M, while values of 650 and 880 �M were found
at depths of 2.5 and 5 cm, respectively. The total cell number in the
surface mat layer was 1.1 � 107 ml�1 and increased to 3.1 � 107

ml�1 at a depth of 2.5 cm and 6.7 � 107 ml�1at a depth of 5 cm,
while total iron increased from 4.2 mM ml�1 at the surface to
around 20 mM ml�1 at the two deeper depths. Together, these
results indicate a community structure in which iron oxidation is
likely occurring primarily in the surface of the mat, with the po-
tential for iron reduction in deeper regions.

DISCUSSION

The results presented here systematically document the presence
of FeOB and their associated communities in the Arctic tundra
around TFS. We are not aware of any other published reports of
iron mats in the Arctic, and one of us (D.E.) in �20 years of
studying communities of FeOB has never witnessed such exten-
sive development of iron mats in freshwater habitats. This abun-
dance suggests that chemosynthetic iron-oxidizing communities
can potentially contribute to biogeochemical processes in tundra
ecosystems. It is likely a combination of factors that lead to robust
iron-cycling communities in these mineral-containing soils. The
cold (8 to 11°C) and relatively low-pH (5 to 6.0) waters slow the
chemical oxidation of Fe(II) (10). This results in an increased
half-life for Fe(II), even in moderately well-oxygenated waters,
allowing more opportunity for FeOB to couple iron oxidation to
growth. Perhaps most important, the permafrost layer beneath the
soil impedes the downward movement of anoxic Fe(II)-rich wa-
ters into deeper soil layers or aquifers, resulting in more contact

with oxygenated surface waters. This creates a habitat well suited
to the close coupling of iron oxidation and reduction and the
development of iron mat communities.

The community composition of tundra iron mats bears an
overall similarity to that of temperate iron mats. A comparison of
a microbial mat community in Maine that was extensively sam-
pled for community composition over 6 months (18) with TFS
samples by minimum entropy decomposition (19) showed that
TFS communities clustered together and were more similar to
early season communities from the iron mat in Maine (Fig. 5).
The specific reasons for clustering of the TFS samples with the
early successional community in Maine are not understood; how-
ever, the average temperature was 11°C for the early season com-
munity in Maine, similar to the temperature for TFS sites, while
later in the season, the temperature in Maine rose to 15 to 18°C
(18). A more complete analysis of the microbiome (13 sites and 40
samples) of microbial iron mats from Maine, Virginia, Texas, and
Wyoming and in Denmark found that TFS iron mats cluster much
more closely to these other circumneutral terrestrial sites than
they do to iron-oxidizing communities from acidic (pH �4) or
marine environments (J. J. Scott and D. Emerson, unpublished
data).

Morphologically, the iron mats were composed of the sheath
and stalk morphotypes typical of the classically described FeOB L.
ochracea and G. ferruginea, respectively. Somewhat surprisingly,
the overall relative abundance of Gallionellales and Leptothrix spp.
ranged from 3 to 10%, whereas in temperate iron seeps, these
groups may account for between 25 and 50% of the total popula-
tion (18, 21, 22). It is not clear why the abundances of known
FeOB are reduced in these tundra iron mats. Environmental fac-
tors, such as the short growing season, 24 h of daylight, and intense
niche competition, might all play roles in this, but further study is

FIG 4 Low-resolution depth profile in an iron mat from the Kuparuk River iron seep showing the relative percentage of reads for representative groups of
bacteria and the O2 concentrations at different depths. The y axis shows depth relative to the mat surface; the air-water interface was about 8 cm above the mat
surface. The FeOB and FeRB are inferred based on phylogenetic relationships to groups associated with the respective function. The black horizontal line
represents the surface of the mat.
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necessary to test which factor(s) may be involved. Alternatively,
there may be competition with other as-yet-unrecognized FeOB.

One group of interest in this regard is the Comamonadaceae,
which is consistently one of the most abundant lineages recovered
from the TFS mats. On average, �50% of the total reads classified
as Comamonadaceae from the TFS mats belonged to a single OTU,
based on a 97% similarity score for the 16S rRNA gene. Oligotyp-
ing of this OTU revealed it was composed of seven different oli-
gotypes. One of these oligotypes accounted for between 38 and
70% of the oligotypes from the five different TFS sites, while the
remaining oligotypes had more variable distributions (Fig. 6).
The functional role of this particular OTU remains unknown. The
cultivated lineage most closely related to the abundant iron mat
OTU is the iron-reducing bacterium Rhodoferax ferrireducens

(23). However, the genus Rhodoferax is metabolically diverse,
consisting of species that carry out anoxygenic photosynthesis and
chemotrophy (24); furthermore, members of the family Coma-
monadaceae, which includes Leptothrix species, exhibit a wide
range of physiologies (25). Thus, the metabolic function(s) of
these prevalent Comamonadaceae OTUs is unclear, and given the
diversity of different oligotypes, it is possible there are different
strains with different metabolisms. It is certainly possible that they
are FeRB; however, they might also represent a novel group of
lithotrophic FeOB. If they are indeed a novel group of lithotrophic
FeOB, it would be interesting to determine if they couple anoxy-
genic photosynthesis to iron oxidation or if they are microaero-
philic Fe oxidizers capable of direct competition with the Gallio-
nellaceae.

FIG 5 Dendrogram/heatmap based on minimum entropy decomposition (MED) comparing different TFS sites with sites from the Lakeside Drive iron mat in
Maine; the data from Maine samples are from reference 18. The values are scaled by taxon relative abundance across all samples. Red indicates a taxon with
skewed distribution, in which presence is concentrated in one or two samples; white indicates an even distribution among samples; and blue represents a lower
relative abundance or absence.
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Another interesting discovery about these tundra iron mats is
the presence of active oxygenic photosynthetic microbes. Previous
work has suggested that the presence of cyanobacteria or eukary-
otic algae in chalybeate waters produce high O2 levels that strongly
favor abiotic over biotic Fe oxidation (8). Molecular ecology stud-
ies of temperate iron mats generally report that cyanobacteria
make up a small percentage of the population (26, 27). A recent
study of an alpine spring (Fuschna Spring) in Switzerland found
an interesting spatial relationship between a phototrophic iron
mat that grew along the edge of the spring channel and an iron mat
that grew in its center (28). Despite being separated by a centime-
ter or less, the populations in the phototrophic mat were quite
unique from those in the iron mat community, indicating that
there might be close physical proximity of the different commu-
nities without much intermixing of populations. In the tundra
iron mats, in which both phototrophs and FeOB were observed,
there was no discernible spatial separation. Oxygen measurements
in some (but not all) mats (Fig. 3 and 4) detected evidence of
oxygenic photosynthesis; however, the total O2 concentrations
were typically �2-fold greater than the overlying water and never
approached saturation. This suggests that the photosynthetic pop-
ulations are limited in either light or some trace nutrient, for ex-
ample, phosphorus; thus, O2 production is held in check to a
degree that biotic iron oxidation can still compete with abiotic
reactions. It is interesting to speculate that the phototrophs may
derive some mutual benefit from the presence of FeOB by taking
advantage of the large surface areas created by the physical matri-
ces of the iron mat to position themselves in the water column
where light is most available.

Methanotrophic and methylotrophic bacteria are other func-
tional groups that have been recognized as being associated with
freshwater iron mats (21, 29, 30). Relatives of these quite phylo-
genetically diverse groups of C-1 oxidizers can account for �10%
of the OTUs in some habitats. It is not known whether there are
any mutualistic associations between FeOB and methylotrophs or
whether high-Fe(II) environments fed by anaerobic waters also
tend to have high methane concentrations, leading to a coinciden-
tal overlap. In general, the TFS iron mats appeared to be deficient
in methylotrophs, with four of the five iron mats having �2% of
the total OTUs associated with methylotrophic groups. The one
exception was the Kuparuk River seep, where the OTUs related to
methylotrophs made up nearly 5% of the total sequences from
mid-depth of the mat. This site also had the highest methane con-
centration (33 �M) that was measured in the overlaying waters,
whereas at the other sites, the methane levels were �5 �M.

Iron cycling. Microbial iron mats can be and often are sites of
localized iron cycling, in which the iron oxides produced by FeOB
are used by Fe-reducing bacteria (FeRB) as a terminal electron
acceptor to carry out anaerobic respiration coupled to the miner-
alization of organic matter (15, 27, 31, 32). The results presented
here confirm that these tundra iron mats harbor active popula-
tions of FeRB. Anaerobic incubation experiments showed that the
addition of acetate to surficial iron mats resulted in detectable Fe
reduction within 24 to 48 h, a response that is comparable to the
most rapid response measured in other communities. Phyloge-
netic analysis identified several putative FeRB as being important
members of these iron mat communities. For example, members
of the Deltaproteobacteria were relatively abundant in all the mats
and most prevalent in the depth profile at the Kuparuk River iron
seep.

Relevance to biogeochemistry in tundra ecosystems. The
most extensive work on Fe reduction in tundra soils has been done
by Lipson and colleagues (5, 33, 34), who investigated anaerobic
processes in Arctic permafrost soils near Barrow, AK. These stud-
ies showed that anaerobic respiration coupled to Fe oxide reduc-
tion is a primary terminal electron-accepting process, accounting
for 40 to 60% of the ecosystem respiration (5, 33, 34). Detailed
mineralogical analysis by these authors revealed an abundance of
poorly crystalline readily reducible iron oxides in these moist soils.
A follow-on study that used metagenomics to investigate these
Fe-reducing communities discovered that genes encoding deca-
heme cytochromes related to those found in Gallionella and Sid-
eroxydans were present (35). Another study of a subarctic soil in
Alaska (64°51=N, 163°39=W) identified a member of the Gallion-
ellaceae as among the 10 most abundant OTUs in multiple soil
cores in what was otherwise a soil community dominated by Aci-
dobacteria, Alphaproteobacteria, and Actinobacteria (36). These
findings suggest that lithotrophic iron oxidation is either happen-
ing directly in these soils, or there are Fe-oxidizing communities in
close proximity. It is worth noting that the relative abundance of
Acidobacteria in all the sampled TFS iron mats was low (�2%),
and Actinobacteria were barely detected; yet, these phyla are gen-
erally abundant in tundra soils (36, 37). This indicates that soils
that may be closely adjacent to iron mats harbor quite different
communities that likely have different physiological requirements
and functional capabilities. Nonetheless, the important point is
that biogenic iron oxidation may be contributing readily reducible
iron oxides to these soils and helping to stimulate anaerobic res-

FIG 6 Oligotype analysis of the most abundant Comamonadaceae OTU found
in the TFS samples, which were identified at the 97% similarity cutoff. The
relative abundances of the seven different oligotypes that compose this OTU
are shown.

Iron Cycling in the Arctic

December 2015 Volume 81 Number 23 aem.asm.org 8073Applied and Environmental Microbiology

http://aem.asm.org


piration coupled to Fe reduction, as has been shown in temperate
systems (38).

In terms of contributing to the carbon cycle in the tundra, the
overall contribution to primary production by Fe(II)-fueled
chemolithoautotrophy is likely dwarfed by the associated tundra
plant and algal communities. Nonetheless, chemosynthetic iron-
oxidizing communities might play an important role in other as-
pects of biogeochemical cycling in the Arctic. As discussed above,
rapid iron cycling might enhance the biomineralization of organic
carbon and contribute to overall ecosystem respiration. This has
important implications for the fate of the large amounts of organic
carbon that are stored in Arctic soils (4). A major concern is that as
the Arctic warms in the coming millennia, a significant fraction of
this organic matter might be mineralized to methane under an-
aerobic conditions, thereby creating a positive feedback to green-
house gas-driven global warming. Thermodynamic consider-
ations show that iron reduction will outcompete methanogenesis
as an anaerobic process (39), and in situ measurements bear this
out (40–42). These relationships are further complicated by
chemical and biological interactions of methanogens and Fe re-
ducers (43). In any event, if iron oxidation and reduction are
widespread in the Arctic tundra, the effects of iron cycling and its
potential to suppress methanogenesis will need to be taken into
account.

Finally, an indirect mechanism whereby microbial iron mats
might be important in influencing the carbon cycle is through
interaction with the phosphorus cycle. Phosphorus is an impor-
tant limiting nutrient in tundra lakes and streams (44), and it is
well known that iron oxides readily adsorb phosphates. Recent
work has shown that the presence of biogenic iron oxides can be
very effective at removing phosphorus from natural waters (7, 45,
46). Thus, microbial iron mats might serve as an important sink
for the hydrologic transport of P and potentially cause limitation
of primary P production. Of course, P that is bound to biogenic
oxides may also be released upon iron reduction, adding another
dimension of complexity to this biogeochemical process. In sum-
mary, there are a number of reasons that further investigation of
the iron cycle in tundra soils is warranted.
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