
1. Introduction
Iron-carbon (Fe-C) interactions impact long-term soil C stability, exerting both stabilizing and destabilizing influ-
ences depending on edaphic conditions. Under aerobic conditions, complex interactions among Fe-oxides, clay 
minerals, and organic matter may lead to long-term stabilization and physicochemical protection from microbial 
degradation (Barbera et al., 2008; Saidy et al., 2012; Wagai & Mayer, 2007; Wiseman & Pü, 2006). Poorly crys-
talline and short range order Fe-oxides, in particular, have high specific surface area that facilitate stabilization 
via sorption, coprecipitation, and/or occlusion processes and are associated with some of the most persistent 
terrestrial C (Hall & Huang, 2017; Torn et al., 1997).

Abstract The long-term stability of soil carbon (C) is strongly influenced by organo-mineral interactions. 
Iron (Fe)-oxides can both inhibit microbial decomposition by providing physicochemical protection for organic 
molecules and enhance rates of C mineralization by serving as a terminal electron acceptor, depending on 
redox conditions. Restoration of floodplain hydrology in montane meadows has been proposed as a method 
of sequestering C for climate change mitigation. However, dissimilatory microbial reduction of Fe(III) 
could lead to C losses under increased reducing conditions. In this study, we explored variations in Fe-C 
interactions over a range of redox conditions and in soils derived from two distinct parent materials to elucidate 
biochemical and microbial controls on soil C cycling in Sierra Nevada montane meadows. Soils derived 
from basalt showed greater rates of Fe(III)-reduction at increasing soil moisture levels than granitic soils. 
Increases in Fe(III) reduction, however, were only associated with elevated rates of C mineralization in one 
basalt soil. Known Fe(III)-reducing taxa were present in all samples but neither the relative abundance nor 
richness of Fe(III)-reducers corresponded with measured rates of Fe(III) reduction. Under reducing conditions, 
Fe(III)-reduction was only coupled to C mineralization in the soil with the greatest amount of Fe-oxide bound 
C. However, Fe-oxide -bound C was below theoretical limits for C sorption onto Fe-oxides and not detectable 
in all soils. Overall, our results suggest that “what's there” in terms of soil chemistry may be a more important 
driver of C mineralization coupled to Fe(III) reduction than “who's there” in the microbial community.

Plain Language Summary The ability of soils to sequester and store carbon may depend, in large 
part, on associations between soil minerals and carbon molecules. Iron is associated with some of the oldest 
and most persistent soil carbon. However, in saturated soils microbial utilization of iron can lead to the loss 
of soil carbon. In this study, we explored how microbial utilization of iron under different soil moisture levels 
impacts rates of soil carbon loss and whether geologic differences in parent material or microbial community 
composition explain patterns between sites. To test this, we incubated soils from basalt and granitic parent 
material at different levels of soil moisture and tested rates of iron utilization and carbon decomposition. 
Differences in parent material impacted microbial utilization of iron but increases in iron utilization were only 
coupled to soil carbon decomposition in one soil. Iron reducing bacteria were present in all soils, regardless 
of rates of iron utilization, and differences in microbial community composition did not impact rates of iron 
utilization or soil carbon decomposition. Overall, our results suggest that site-specific soil chemistry may 
impact iron-carbon interactions more than microbial community composition or parent material.
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Under reducing conditions, dissimilatory reduction of Fe(III) minerals by microbes can destabilize Fe-C associ-
ations and may contribute substantially to soil C mineralization (Canfield et al., 1993; Lovley & Phillips, 1988; 
Roden & Wetzel, 1996, 2002). Amorphous and short range order Fe phases are particularly susceptible to redox 
effects and the dissolution of solid-phase Fe can further destabilizes Fe-C bonds, releasing mineral-associated 
C for microbial decomposition (Anthony & Silver, 2020; Huang & Hall, 2017; Lovley, 1987; Pan et al., 2016). 
While crystalline forms of Fe(III) tend to dominate in soils and sediments (Roden & Urrutia, 2002), frequent 
wet-dry periods common in humid and wetland soils may increase the fraction of amorphous and poorly crys-
talline Fe as repeated oxidation-reduction reactions limit formation of stable crystalline Fe(III)-oxides (Lovley 
& Phillips, 1987). Iron-reducing bacteria can also utilize humic substances to shuttle electrons to extracellular 
Fe(III)-oxides, enhancing rates of Fe(III) reduction and C mineralization in C-rich soils (Kappler et al., 2004; 
Lovley et al., 1996). In wetland soils, it is estimated that 35%–60% of carbon dioxide (CO2) production may be 
attributed to decomposition of organic C coupled with dissimilatory Fe(III)-reduction (Lovley, 1987).

Montane meadows are mineral soil wetlands dominated by emergent vegetation sustained by shallow groundwa-
ter tables and periods of saturated soil conditions that extend into the growing season (Chambers & Miller, 2011; 
Wood, 1975). In the Sierra Nevada mountain range of California, Mediterranean climate patterns result in rela-
tively short hydroperiods and seasonal fluctuations in depth to groundwater in meadows (Loheide et al., 2008; 
Loheide & Gorelick, 2007). This dynamic hydrology creates fluctuating redox conditions that allow Fe to be 
recycled as an electron acceptor through biotic and abiotic oxidation (Kaplan et al., 2016; Knorr et al., 2009; Yu 
& Kuzyakov, 2021), with potential implications for soil C cycling (Wang H. et al., 2019; Wang Y. et al., 2017). 
High rates of soil CO2 efflux under saturated soil conditions in Sierra Nevada meadows (Reed et  al.,  2021) 
suggest that soil microbial communities may utilize alternate electron acceptors to decompose organic matter 
during periods when oxygen is limited and heterotrophic respiration should be suppressed. Simultaneous low 
rates of methanogenesis in these ecosystems (Reed et al., 2021) also raise the possibility that methane production 
may be suppressed by the reduction of alternative electron acceptors, including Fe(III)-oxides, under reducing 
conditions (Roden & Wetzel, 1996).

Meadows are hotspots of soil C in mountain regions (Norton et  al.,  2011, 2014; Reed et  al.,  2021) but have 
also long been focal points of human activity (Hughes,  1934; Hunsaker et  al.,  2015). Anthropogenic distur-
bance in meadows can result in disconnected floodplain hydrology, aerobic soil conditions, and loss of soil C 
(Norton et al., 2014; Reed et al., 2021). Restoration of floodplain hydrology has recently been proposed as an 
approach for increasing soil C sequestration, in addition to regenerating wildlife habitat and improving down-
stream water quality (National Fish and Wildlife Foundation, 2010). Recent studies suggest that restoration of 
floodplain hydrology  in montane meadows may result in substantial belowground C gains (93–452 g C m −2 y −1; 
Morra et al., 2023; Reed et al., 2022). However, these results are limited in geographic scope and soil forming 
factors. Differences in parent material that lead to variation in soil chemistry, particularly Fe- and Al-oxides, may 
interact with increasing reducing conditions and labile C inputs to influence the stabilization, destabilization, 
and mineralization of soil C following restoration (Coward et al., 2018; Kramer & Chadwick, 2018; McNicol 
& Silver, 2014). Specifically, by increasing the duration of anerobic soil conditions, restoration of floodplain 
hydrology may increase rates of C mineralization coupled to Fe(III) reduction that could attenuate C gains.

In this study, we explored the impact of inundation of meadow soils derived from parent materials with different 
soil chemistries (basalt or granite) on rates of dissimilatory microbial reduction of Fe(III). We hypothesized that 
rates Fe(III) reduction would increase with increasing levels of soil moisture and that Fe(III) reduction under 
these conditions would be linked to C mineralization as diffusion-limited oxygen concentrations should trigger 
the utilization of alternate electron acceptors (e.g., Fe) by native microbial communities. We also expected rates 
of Fe(III) reduction to be highest in soils derived from Fe-rich, basalt parent material. Finally, we hypothesized 
that differences in microbial community composition would explain discrepancies between soils with the same 
parent material.

2. Materials and Methods
2.1. Soil Description and Characterization

We conducted this study with soil collected from four montane meadows in the Sierra Nevada. Two meadows had 
soils derived from granite parent material while two meadows had soils derived from basalt parent material. The 
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two granitic meadows, Benwood (G1) and Star (G2), were located on the south shore of Lake Tahoe in the Tahoe 
National Forest, CA. One basalt meadow, Coyote (B1), was located on the eastern side of the Plumas National 
Forest, CA. The second basalt meadow, East Creek (B2), was located on private land at the northern extent of 
the Sierra Nevada. The climate in all meadows is characterized as Mediterranean with warm, dry summers and 
cool, wet winters. Thirty-year averaged mean annual precipitation ranged from 551 to 1,288 mm and mean annual 
temperature from 4.3 to 8.3°C (PRISM Climate Group, 2010). Elevations ranged from 1,560 to 2,671 m  asl 
(Table 1).

Within each meadow, soils were sampled to a depth of 50 cm at four randomly chosen points with at least 50 m 
between sampling locations. Within 24 h of collection, soils were sieved to remove the >2 mm fraction and 
air-dried at 21°C in a fume hood to expedite drying and minimize C transformations and losses due to microbial 
respiration. Replicates (n = 4) from each meadow were bulked and homogenized once air-dried and stored in 
brown paper bags (up to 1 month). Bulked soils were used for all experiments and analyses.

Two pools of C were quantified for each meadow soil: total solid-phase C and Fe oxide-bound organic C. Total 
solid-phase C and nitrogen (N) concentrations of replicate (n = 4 per meadow) pulverized soil aliquots were 
quantified using an elemental analyzer (EA; Costech 4010, Costech Analytical Technologies Inc., Valencia, CA, 
USA). We determined Fe oxide-bound C concentrations according to the acidified hydroxylamine hydrochloride 
(HH) method described in Chao and Zhou (1983). Briefly, replicate 0.1 g soil aliquots (n = 4 per meadow) were 
weighed into 50 mL centrifuge tubes. Two aliquots received 25 mL of reducing reagent (0.25 M HH plus 0.25 M 
HCl) and two aliquots received 25 mL of control reagent (0.75 M NaCl). All suspensions were heated in a 50°C 
water bath for 60 min, then centrifuged at 4,696 g0 for 10 min, and the supernatants decanted into clean 50 mL 
centrifuge tube. The pellets were washed three times with 10 mL of Type 1 water (18 MΩ*cm) water, vortexed, 
centrifuged (5,000 rpm, 10 min) and the supernatant was decanted. The washed pellets were oven-dried at 60°C 
for 48 h and the C concentration measured using the Costech 4010. We repeated this process three times and used 
the mean of the control and HH-reduced values (n = 6). We calculated the Fe oxide-bound organic C concentra-
tion as the difference between the total C concentrations of control and HH-reduced soils. The supernatants were 
also analyzed using the ferrozine method (Stookey, 1970) to quantify the HH-extractable Fe concentration, used 
as a proxy for microbially-reducible Fe phases (Lovley & Phillips, 1987). The C:Fe molar ratio was calculated as 
the ratio of the molar mass of Fe oxide-bound C to the molar mass of HH-extractable Fe (Jeewani et al., 2021).

We used a 0.5 M hydrochloric acid (HCl) extraction method to quantify poorly crystalline, weak acid-extractable 
short range order Fe-oxides (Claff et al., 2010; Hall et al., 2016; Sidhu et al., 1981). Briefly, soil aliquots were 
reacted with weak hydrochloric acid (0.5 M HCl) at a soil:acid ratio of 1.00:1.25 for 24 h. The soil slurries were 
centrifuged (5,000 rpm for 10 min) and the Fe(II) concentration of the supernatant was quantified using the  ferro-
zine method. We quantified the total extractable Fe content of the supernatant using the ferrozine assay with 
added excess HH to reduce aqueous Fe(III) to Fe(II).

2.2. Incubation Experiment

To determine the effect of soil moisture on C mineralization and Fe(III) reduction, we incubated soil from each 
of the four meadows under a range of soil moisture conditions. Prior to incubation, we determined the water 
holding capacity (WHC) of each soil based on the method described in Haubensak et al. (2002). A 10 g aliquot of 

Table 1 
Climate and Soil Characteristics for Each of the Four Meadow Soils Used in This Study

Site Latitude, longitude Parent material Elevation (m) MAT (°C) MAP (mm) Soil

Benwood (G1) 38.8023 N, 120.0270 W Granite 2,451 5.3 1,288.5 Mixed, fridid Dystric 
Xeropsamment

Star (G2) 38.8836 N, 119.9117 W Granite 2,671 4.3 863.6 Oxyaquic Cryorthents-Aquic 
Xerorthent

Coyote (B1) 40.1106 N, 120.4203 W Basalt 1,699 7.9 551.4 Loamy-skeletal, mixed Typic 
Cryumbrepts- Haplaquoll

East Creek (B2) 40.2378 N, 120.9131 W Basalt 1,560 8.3 832.4 Fine-loamy, mixed, superactive, 
mesic Cumulic Endoaquoll
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air-dried soil was wetted repeatedly with deionized water in a Büchner funnel on a wetted Whatman No. 1 filter 
paper for 24 h in an enclosed environment to prevent evaporative losses. We allowed the water to drain by gravity 
between wettings. To approximate soil field capacity, suction (−33 kPa) was applied to the gravity-drained soils 
until dripping stopped. The gravimetric water content of the soil at field capacity was then determined by drying 
the soil at 105°C to constant mass. We calculated the 100% WHC condition of the soil as the mass of water 
retained at field capacity divided by the oven-dried soil mass, multiplied by 100%.

Microcosms were constructed by adding 8  g of air-dried soil into uncapped 15  mL centrifuge tubes placed 
inside 250 mL media bottles. Each jar was fitted with a gas-tight lid containing a rubber septum to allow for gas 
sampling and contained 20 mL deionized water to maintain humidity within the jar and prevent evaporative loss 
from the soil. Deionized water was added to the soil in each tube to achieve a 45%, 60%, 75%, 90%, 115, 160%, 
or 200% WHC. Four replicates of each WHC were constructed for each meadow soil. To simulate slow wetting 
conditions most likely to be experienced in situ, the soils were incrementally wetted over a 4-day period by adding 
one fourth of the total water needed every 24 h until the target WHC was achieved. The incubation began on the 
first day of water addition.

We measured C mineralization over time by sampling headspace CO2 concentrations in each jar on days 0, 1, 2, 
3, 4, 7, 9, 11, and 14 of the incubation. Carbon dioxide concentrations were measured by removing 100 μL of 
headspace from each jar with a gastight syringe and needle assembly (Hamilton Company, Reno, Nevada, USA) 
and directly injecting the sample into an infrared gas analyzer (LI-8100, LI-COR Biosciences, Lincoln, Nebraska, 
USA). After each CO2 measurement, the headspace was refreshed by flushing the jar with pressurized ambient 
atmosphere for 10 s before recapping the jar. Replicate (n = 4) soil-free control jars were used to quantify the 
concentration of ambient CO2 in the jars after each flush. The mean value of the control jars was subtracted from 
the CO2 concentration in each incubation jar to determine the amount of CO2 evolved from the soil. Cumulative 
CO2 production was calculated as the sum of CO2 concentrations at each sampling time point per jar.

At the end of the 15-day incubation, we quantified the amount of Fe(III) reduction in each soil aliquot. Working 
inside an anaerobic chamber to prevent oxidation of Fe(II), we brought the water volume in each tube to 10 mL 
by adding N2-sparged deionized water and dilute HCl to achieve a final HCl concentration of 0.5 M HCl. The 
acidified soil suspensions were vortexed until all soil particles were suspended and then left undisturbed in the 
anaerobic chamber. After 24 h, the suspensions were centrifuged (5,00 rpm, 10 min) and the Fe(II) and total Fe 
content of the supernatants were quantified using the ferrozine methods described above. Additionally, prior 
to acidification we measured the pH and redox potential (Eh) of the soils to verify that dissimilatory microbial 
Fe(III)-reduction was thermodynamically feasible in the samples most likely to be experiencing the maximum 
amount of Fe(III) reduction. Both pH and Eh were measured at 200% WHC using a YSI ORP probe (YSI Incor-
porated, Yellow Springs, Ohio, USA).

2.3. Microbe Swap

To assess the role of microbial community composition in mediating rates of dissimilatory microbial 
Fe(III)-reduction to CO2, we performed a full factorial microbial swap experiment using the two basalt soils and 
measured rates of CO2 production at 200% WHC over the course of a 15-day incubation. Soils were sterilized by 
autoclaving at 121°C for 1 h. Replicate microcosms (n = 8) for each sterilized soil were constructed as described 
above. While we recognize that complete sterilization of soils may not be possible, autoclaving has been shown 
to disrupt both cellular and extracellular biochemical processes associated with C cycling better than other tech-
niques (Blankinship et al., 2014). To ensure no C mineralization was occurring in our sterilized samples, we 
incubated the sterilized soils and measured CO2 production over 3 days prior to microbial inoculation.

Microbial communities were extracted from nonsterile soil from each site using an adapted method from 
Bottomley (1994). A 1:5 soil:sterile deionized water suspension was shaken for 30 min and filtered through a 
Whatman No. 40 filter into a sterile bottle. Small aliquots of the filtrates were immediately aseptically transferred 
to the sterile soil microcosms to achieve a final WHC of 200%. Microbial community inoculums extracted from 
each soil were added to sterilized soil from each site in a full factorial design with four replicates of each combi-
nation. Soil microcosms were incubated for 15 days, and headspace CO2 concentrations were measured using the 
LI8100 on days 0, 3, 5, 7, 11 and 14. Jar headspaces were not flushed with ambient air following CO2 measure-
ments to prevent microbial contamination of the microcosms.
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2.4. Illumina Bacterial 16S rRNA Gene Sequencing

We used high-throughput Illumina sequencing of 16S-V4 rRNA and ITS2 marker genes to determine microbial 
community composition. Amplicon sequencing was performed on each of the untreated soils (frozen on day 
0 of the incubation) and replicates (n = 3) of the microbe swap samples (frozen at the end of the incubation). 
From each of the frozen soil samples, we extracted genomic DNA from 0.25 g subsamples following standard 
manufacturer's protocols for bulk DNA extractions with the Mo Bio PowerSoil™ kit (Mo Bio Laboratories, Inc., 
Carlsbad, USA). Genomic DNA samples were sent to the University of Minnesota Genomics Center for bacterial 
library preparation and sequencing. We used two-step dual-index PCR amplification of bacterial V4 regions of 
16S rRNA gene in triplicate using KAPA HiFidelity Hot Start Polymerase (Gohl, MacLean, et al., 2016; Gohl, 
Vangay, et al., 2016). The first PCR-amplification of 16S-V4 was achieved using the universal bacterial primer 
set, 515F and 806R. A second PCR-amplification was used to add forward and reverse indexing primers to 5 μl 
of 1:100 PCR product from the first round of PCR. For all amplicon sequences, pooled, size-selected samples 
were denatured with NaOH, diluted to 8 pM in Illumina's HT1 buffer, spiked with 20% PhiX, and heat denatured 
at 96°C for 2 min immediately prior to loading. A MiSeq 600 cycle v3 kit was used to sequence samples on an 
Illumina MiSeq machine.

For bacteria, OTU picking and taxonomic assignment were achieved using the Mothur SOP pipeline (Schloss 
et  al.,  2009) and the 97% greengenes database (The Greengenes Database Consortium: http://greengenes.
secondgenome.com). Singletons represented only once across the data set were removed prior to OTU clustering. 
OTUs representative of mitochondria, chloroplasts, and sequences of unknown origin were removed prior to rare-
faction. To equalize across samples of varying sequence numbers, samples were rarefied to depth 7300 sequences 
per sample. Post-pipeline calculations were done using QIIME 1.9 (Caporaso et al., 2010) and R v.3.1.1 (R Core 
Team, 2017).

A total of 116,800 high quality 16S V4 bacterial sequences were recovered from 17 soil mesocosm samples. 
Among all rarefied bacterial samples, we found a total of 5,652 database referenced OTUs. Sequences have been 
uploaded to the NCBI Sequence Read Archive public repository under the BioProject number PRJNA901460.

We then built a custom database of known Fe(III)-reducers to compare against the 16S sequences from our 
samples. As there is no universal gene for Fe(III) reduction, we identified 40 known Fe(III)-reducers from liter-
ature and downloaded 16S rRNA sequences for each from the SILVA database (https://www.arb-silva.de). A 
custom BLAST database was developed for the known Fe(III)-reducers and a targeted BLAST run against the 
rarefied 16S sequences for each sample using the NCBI Genome Workbench (https://www.ncbi.nlm.nih.gov/
tools/gbench/). Of the 40 known Fe-reducers in the database, 12 were identified in our samples (see Figure S1).

2.5. Statistical Analysis

All data were analyzed using R statistical software versions 3.1.1 and 4.0.3 (R Core Team, 2017, 2020). We used 
Kruskal-Wallis one-way analysis of variance to test differences in Fe(III) reduction and C mineralization among 
the four soils and identified post-hoc pairwise differences using Conover-Iman tests. Statistical significance was 
set a priori to α = 0.05.

Metrics of alpha diversity, based on OTU richness and Shannon H’ Index, were explored using the “vegan” pack-
age in R (Oksanen et al., 2018). Beta diversity was assessed with Hellinger abundance transformed OTU-based 
Bray-Curtis distances (BC-OTU) using principal coordinates analyses in the R package “vegan.” Significant 
differences in community composition among sites and treatments were tested using permutational analysis 
of variance on distance matrices (PERMANOVA; Anderson, 2001) with the Adonis function in the “vegan” 
package.

3. Results and Discussion
Soil C concentration ranged from 27.97 ± 0.94 to 42.85 ± 7.71 mg C g −1 and was higher in the granitic soils 
than the basalt soils (Table 2). Soil N concentration ranged from 1.70 ± 0.05 to 3.33 ± 0.23 mg N g −1 and was 
highest in the granitic soil G1. The C:N ranged from 12.85 (G1) to 16.43 (B1). Fe-oxide bound C constituted 
∼4% of total soil C in the basalt soils (Table 2). In the granitic soils, we measured less C in the HH-extracted 
samples than the controls, which we interpreted as undetectable levels of Fe-oxide bound C. Short range order Fe 
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phases ranged from 0.5 to 1.75 mg Fe g −1 with the lowest concentration measured in the basalt soil B1 (Table 2). 
Microbially-reducible Fe concentrations ranged from 4.42 to 12.78  mg  Fe  g −1 with the lowest concentration 
measured in G2 and the highest in B2 (Table 2).

3.1. Fe(III)-Reduction

The fraction of total Fe reduced to Fe(II) over the course of the incubation was small (<15%) in all soils at 45%, 
60%, 75%, and 90% WHC. Oxidation of Fe(II) was also present at these WHC in all soils except B2. At 115% 
WHC, the fraction of Fe as Fe(II) increased in both basalt soils but did not increase in either of the granitic soils 
(Figures 1a and 1b). This finding supports our hypothesis that differences in parent material are associated with 
differential rates of Fe(III) reduction, even though concentrations of Fe and C did not vary consistently by soil 
type. At 200% WHC, production of Fe(II) increased in one granitic soil (G1) but remained low in the other (G2; 
Figure 1b). At 200% WHC, <1% of Fe was reduced to Fe(II) in G2, whereas up to 70% of Fe was reduced to Fe(II) 
in the other soils (G1: 35.17 ± 5.26%, B1: 44.92 ± 8.66%, B2: 70.26 ± 13.98%; Figures 1a and 1b). Overall, our 
hypothesis that Fe(III) reduction would increase with increasing soil moisture was supported in the basalt soils 
but not consistently in the granitic soils.

3.2. CO2 Production

Cumulative CO2 production displayed the expected negative parabolic relationship with soil moisture in one 
granitic soil (G1, peak at 115% WHC) and one basalt soil (B1, peak at 90% WHC; Figures 1c and 1d). Peak rates 
of C mineralization in both soils occurred at higher levels of soil moisture than typically observed for upland 
and peat soils (Wen et al., 2019). Carbon mineralization in the other granitic soil (G2) increased with increas-
ing soil moisture until 90% WHC and leveled off, remaining relatively high at 200% WHC despite a lack of 
Fe(II)-production (Figure 1d). Mean cumulative CO2 production, normalized by soil C concentration, was highest 
in B2 at all soil moisture levels and reached its maximum value at 200% WHC. Cumulative CO2 production was 
significantly different between the two basalt soils at 45%, 90%, 110%, and 200% WHC (Figure 1c) whereas it 
was only significantly different between the two granitic soils at 45% WHC (Figure 1d).

Assuming all Fe(II) produced over the course of the incubation was coupled with C mineralization, dissimilatory 
reduction of Fe(III) in the three soils where Fe(II) production occurred accounted for 25% (B1), 50% (B2), and 
89% (G1) of CO2 production at 200% WHC (using a 4:1 M ratio of C mineralization to Fe(III) reduction; Roden 
& Wetzel, 1996). The estimated contributions of Fe(III) reduction to CO2 production for the basalt soils are in 
line with values reported for wetlands (Lovley, 1987) and tropical forests (Dubinsky et al., 2010). In the granitic 
soil (G1), dissimilatory reduction of Fe(III) could potentially explain almost all of the CO2 production at 200% 
WHC. However, it is important to note that CO2 production was lowest in G1 at 200% WHC and there was no 
Fe(II) production at 160% WHC.

Table 2 
Chemical Properties of Soils Prior to Incubation

Parameter Unit Benwood (G1) Star (G2) Coyote (B1) East Creek (B2)

Total C mg C/g soil 42.85 ± 7.71 32.27 ± 2.90 27.97 ± 0.94 28.32 ± 0.37

Total N mg N/g soil 3.33 ± 0.23 2.02 ± 0.21 1.7 ± 0.05 2.04 ± 0.03

C:N 12.85 16.01 16.43 13.85

Fe-oxide bound C mg C/g soil ND ND 1.03 1.15

% of Total C ND ND 3.69 4.07

C:Fe molar ratio  a ND ND 0.64 0.42

Reductive Dissolution Extractable Fe  a mg Fe/g soil 6.67 ± 0.89 4.42 ± 0.46 7.47 ± 0.75 12.78 ± 0.84

Acid Extractable Fe  b mg Fe/g soil 1.75 ± 0.02 1.16 ± 0.15 0.5 ± 0.32 1.72 ± 0.09

Note. ND = none detected. Measurements include total carbon (C) concentration, total nitrogen (N) concentration, ratio of C:N, concentration Fe-oxide bound C, molar 
ratio of Fe-oxide bound C to microbially available Fe (C:Fe), reductive dissolution extractable and acid extractable Fe, and concentrations of acid extractable Fe(II).
 aUsing hydroxylamine hydrochloride extraction method, a proxy for microbially-reducible Fe phases.  bUsing hydrochloric acid extraction method, a proxy for SRO 
(short-range order) Fe phases.
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Overall, Fe(II) production at higher soil moisture levels was only coupled with high cumulative CO2 production, 
as we had originally hypothesized, in one soil (B2). Reduction of Fe(III) at higher soil moisture levels in G1 
and B1 was not associated with increases in C mineralization. These findings highlight the valuable context that 
can be gained from studying reactions across a range of soil moisture levels. They also raise questions about the 
contribution of other electron acceptors and microbial pathways to C fluxes in montane meadows. The results of 
G1, in particular, may be better explained by dissimilatory Fe(III)-reduction coupled to the oxidation of ammo-
nium, a process known as Feammox (Clément et al., 2005). In addition to Fe(III) reduction that was not coupled 
to increasing C mineralization, this soil had the highest total N concentration and lowest C:N of any of the four 
sites. Feammox is an important pathway for N loss in terrestrial ecosystems including forests (Yang et al., 2012) 
and wetlands (Clément et al., 2005; Shrestha et al., 2009) but has not yet been studied in montane meadows.

Abiotic oxidation of Fe(II) by reactive oxygen species via Fenton and Fenton-like reactions could be another 
potential explanation for the low rates of Fe(II) production in the grantic soils under elevation soil moisture levels 
despite the presence of Fe(III)-reducing taxa (Chen et al., 2020; Hall & Silver, 2013; Merino et al., 2020). Iron(II) 
produced through dissimilatory microbial reduction may have been oxidized to Fe(III) by hydrogen peroxide 
or other reactive oxygen species. However, Fenton reactions also produce hydroxyl radicals that are powerful 
oxidants of soil organic matter. If abiotic Fe(II) oxidation were limiting rates of net Fe(II) production, we would 
still expect to see elevated rates of C mineralization under higher soil moisture levels. It seems possible, therefore 

Figure 1. Relationships between soil water holding capacity, Fe(III) reduction and CO2 production. Fe(III) reduction, measured as the increase in Fe(II) concentration 
relative to total Fe, for basalt (a) and granitic (b) soils. Rates of CO2 emission normalized by soil carbon concentration, for basalt (c) and granitic (d) soils. Results show 
cumulative CO2 production and Fe(III) reduction over the course of the 15-d incubation. Letters denote significant differences among soils for each parent material.
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that Fenton reactions may have contributed to the sustained rates of C mineralization with increasing soil mois-
ture observed in G2 but are unlikely to explain the patterns observed in G1 (Figure 1).

3.3. Microbial Community Composition

Bacteria communities at the phyla level were dominated by Proteobacteria, Acidobacteria, and Actinobacteria 
in all soils but community composition at the taxa level was not similar in any of the sites (Figure 2). Eleven taxa 
of known Fe(III)-reducers were recovered from the native soils and six taxa (Rhodoferax ferrireducens, Geobac-
ter metallireducens, Clostridium beijerinckii, Bacillus infernus, Desulfosporosinus meridiei, Anaeromyxobacter 
dehalogenans) were present in all soils (Figure 3). No Fe(III)-reducing archaea were identified nor were any taxa 
associated with the model Fe(III)-reducer Shewanella.

Five of the Fe(III)-reducing taxa identified are additionally known to perform Feammox (Yao et al., 2020; Zhu 
et al., 2022). One of these five taxa, Geothrix fermentans, was only present in the granitic soil, G1, with high rates 
of Fe(III) reduction and low rates of cumulative C mineralization at 200% WHC.

The highest relative abundance of Fe(III)-reducers was identified in the soil with the lowest rate of Fe(III) reduc-
tion, G2 (Figure  3). The presence of taxa capable of dissimilatory Fe(III)-reduction in this soil despite low 
levels of Fe(II) production may be explained by the ability of many Fe(III)-reducing bacteria to use alternate 
electron acceptors including nitrate, manganese (IV), and sulfate (He & Sanford, 2003; Lovley & Holmes, 2004; 
Lovley & Phillips, 1988). However, lower rates of C mineralization across all water contents relative to the other 
soils also point to decreased levels of microbial activity in G2. The greatest richness and diversity of known 

Figure 2. Relative abundance of bacteria at the phylum level in each of the native soils (a). Bacterial community composition was not similar in any of the four native 
soils (b).
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Fe(III)-reducers was found in G1, which had Fe(III) reduction at 200% WHC without commensurate increases 
in CO2 production (Table 3), further supporting the metabolic flexibility of many known Fe(III)-reducers and 
suggesting the occurrence of alternate metabolic pathways in our samples.

Varying rates of Fe(III) reduction measured during the incubation, despite the ubiquity of Fe(III)-reducing taxa in 
our samples, highlight the challenges associated with assigning ecosystem function based on microbial commu-
nity composition in native soils. These results may also point to the role of soil chemistry in regulating dissimi-
latory Fe(III)-reduction. Anthony and Silver (2020) found that higher concentrations of microbially-reducible Fe 
species were associated with soil C loss in reflooded wetland sites. Similarly, in our study, the highest concen-
tration of microbially-reducible Fe was measured in the soil with increasing Fe(II) production and high rates 
of C mineralization at elevated soil moisture levels (B2; Table 2). In addition to Fe species, C substrate may 
shape microbial community composition and rates of Fe(III) reduction (Lentini et al., 2012). Limited, prelim-

inary data suggest that the basalt soils may have had more aromatic C than 
the granitic soils in this experiment (data not shown). However, these results 
are preliminary, and we acknowledge that C chemistry does not necessarily 
equate to bioavailability. Future studies that involve isotopic labeling of C 
substrates are needed to determine the impact of C chemistry on dissimila-
tory Fe(III)-reduction in montane meadows.

The low concentrations of Fe-oxide bound C may also be linked to the 
inconsistent relationship observed between Fe(III) reduction and C mineral-
ization. In ecosystems with dynamic redox conditions, Fe-bound C formed 
during periods of aerobic soil conditions may be completely mineralized 
during periods of anoxia (Huang et al., 2020; Patzner et al., 2020, 2022). The 
granitic soils were from higher elevation sites with more soil moisture at the 

Figure 3. Relative abundance of known Fe(III)-reducing bacteria recovered from each of the native soils.

Table 3 
Richness and Alpha Diversity Fe(III)-Reducing Community Recovered From 
Native Soils

Soil G1 G2 B1 B2

Richness (H0) 10 8 6 7

Exp Shannon (H1) 5.38 3.21 4.23 4.68

Note. Alpha diversity of Fe(III)-reducing communities was calculated using 
the Shannon Index to capture both richness and evenness of the community.
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time of sampling (data not shown). Less C complexed with Fe at the start of the incubation may have contributed 
to the lower rates of dissimilatory Fe(III)-reduction observed in these soils.

Even at the site with the highest concentration of Fe-oxide bound C (B2), concentrations were well below theoret-
ical limits for organic C sorption onto Fe-oxides (Kaiser et al., 1997; Wagai & Mayer, 2007). Further, the fraction 
of total C complexed with Fe was lower than values reported for agricultural soils (Wan et al., 2019), wetlands 
(Duan et al., 2020; Shields et al., 2016) and mangroves (Dicen et al., 2019). These results may be due in part to 
the timing of soil collection and the seasonal nature of Fe-oxide bound C in these ecosystems. However, they also 
raise the possibility that Fe-organic matter complexes may play a smaller role in the long-term stabilization of C 
in montane meadows than other ecosystems.

Recent research suggests that aluminum may be more important than Fe for long-term C stabilization in ecosys-
tems with dynamic redox conditions (Anthony & Silver,  2020; Kramer & Chadwick,  2018). Future research 
should consider the type of both Fe- and Al-organic matter complexes present in soils and collect samples at 
multiple points throughout the year to determine the impact of changing redox conditions on C stabilization and 
mineralization.

3.4. Microbe Swap

We were intrigued by the fact that Fe(III) reduction appeared to be coupled to CO2 production in one basalt soil 
(B2) but not the other (B1). This divergent response between the basalt soils compelled us to explore the role of 
microbial community composition in mediating rates of C mineralization via dissimilatory microbial reduction 
of Fe(III). As we expected, the composition of known Fe(III)-reducers was substantially different in all of the 
microbe-swap soils at the end of the incubation relative to the native soils (Figure 4a). A priori, we acknowledged 
that the extraction and inoculation process would alter the microbial community composition but aimed for 
consistent alteration of both communities. Pantoea agglomerans, in particular, was present in all soils with inoc-
ulum extracted from B2 but not detected in any of the native soils. Pantoea agglomerans is a facultative anaerobic 
bacteria that can couple Fe(III) reduction with the oxidation of acetate or H2 (Francis et al., 2000). Other taxa 
that were common in the native soils (e.g., Aneromyxobacter dehalogenans, Bacilius infernus, Desulfosporosinus 
meridiei, Ferribacterium limneticum, and Rhodoferax ferrireducens) were not detected or only detected in a few 
replicates of the microbe-swap soils. The relative abundance of Fe(III)-reducers was also one to two orders of 
magnitude higher in the microbe-swap soils than the native soils. It should be noted, that the DNA extraction of 
the microbe-swap soils was performed at the end of the 15-day incubation as opposed to the beginning of the 
incubation for the native soils. It is possible that changes in bacterial community composition occurred over the 
course of the incubation as a result of sustained reducing conditions. It is not uncommon in microbial commu-
nities for extremely rare taxa to replace dominant ones over the course of a few weeks (Fernández et al., 1999; 
Fernandez-Gonzalez et al., 2016), even if only a weak competitive advantage exists, and similar shifts toward 
bacterial communities enriched in taxa capable of Fe-cycling have been observed following prolonged anoxia 
(Bhattacharyya et al., 2018).

The microbial communities at the end of the incubation differed significantly by inoculum (p < 0.01, F = 8.23), 
not by soil (p = 0.35, F = 1.28; Figure 4b). However, rates of C mineralization over the course of the incuba-
tion were consistently higher in samples with B2 soils, regardless of inoculum source (p < 0.01, Figure 4c). 
Interestingly, while the molar ratios of Fe-oxide bound C to microbially available Fe (C:Fe) were suggestive of 
sorption interactions for both basalt soils (C:Fe < 1; Wagai & Mayer, 2007), the ratio was lowest for B2. This 
site also had the highest fraction of total C as Fe-oxide bound C (Table 2), suggesting a somewhat larger pools of 
readily-degradable C temporarily stabilized by weak sorptive interactions. Other studies have shown that bioge-
ochemical flux rates appear to be coupled more to environmental factors than species assemblages and relatively 
insensitive to taxonomic changes within functional groups (Fernández et al., 1999; Louca et al., 2016, 2018; 
Nelson et al., 2016). Our results similarly suggest that microbial community composition may have less influence 
on biogeochemical processes than environmental or edaphic characteristics.

In other words, “what's there” in terms of soil chemistry appears be more important than “who's there” in the 
microbial community. Overall, our results highlight the complexity of biogeochemical cycles and the fact that just 
measuring rates of target chemical species may miss important processes. To more comprehensively determine 
the drivers, all potential electron acceptors and donors should be accounted for, and the activity of the microbial 
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community should be quantified. Further, changes in environmental conditions can alter both soil chemistry and 
microbial community response. Laboratory incubations or results from limited time points can provide valuable 
information on mechanistic responses but should be applied to ecosystems and models with caution.

4. Conclusion
Together, our results suggest that Fe(III) reduction may contribute to increased rates of C mineralization following 
restoration of floodplain hydrology in montane meadows but is not universally present under reducing conditions. 

Figure 4. Relative abundance of known Fe(III)-reducing bacteria in each of the microbe-swap samples at the end of the 15-d 
incubation (a). Permutational multivariate analysis of variance (PERMANOVA) analysis of normalized multidimensional 
scaling (NMDS) revealed that microbial communities at the end of the incubations differed significantly by innoculum 
(p < 0.01, F = 8.23), but not by soil (p = 0.35, F = 1.28); (b) Despite differences in microbial community composition, 
cumulative CO2 production over the course of the incubation was significantly higher (p < 0.01) in samples with B2 soils, 
regardless of inoculum.
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The occurrence of dissimilatory microbial Fe(III)-reduction may be more dependent on site-specific soil chemis-
try than parent material, making broad-scale generalizations tenuous. Interest in restoration and conservation of 
montane meadows and other wetland ecosystems has increased in recent years because of their disproportionate 
impact on regional C cycles (Norton et al., 2014; Reed et al., 2021) and potential to sequester large amounts of 
soil C (Reed et al., 2022). While our results suggest that dissimilatory Fe(III)-reduction may not be widespread 
under saturated soil conditions, they also raise questions about the impact of Fe to long-term stabilization of C in 
meadows. Greater understanding mineral-C interactions under changing redox conditions is needed to accurately 
predict the impacts of anthropogenic disturbance and restoration in montane meadows on greenhouse gas fluxes 
and regional C budgets.
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