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ABSTRACT: Temporal fluctuations in redox conditions influence
the availability of Fe'" and greenhouse gas emissions in humid upland

Soil redox cycling

soils. However, the impact of fluctuation duration on biogeochemical oxic
processes remains unclear. We hypothesized that rates of Fe! v 24 hr
reduction and CH, production are sensitive to the duration of soil oxiCc T
oxygenation. To test this, surface soil from the Luquillo Forest, Puerto 8 hr

Rico, was subjected to fluctuating redox conditions with an anoxic 2y 0 )

interval of 6 days followed by oxic intervals of either 8, 24, or 72 h. e St ad cucorshiarms

& activity or activity
 CH, emissions A CH, emissions

Shorter oxic intervals enhanced Fe reduction, while longer oxic
intervals enhanced CH, emissions. As O, exposure decreased from 72
to 8 h, Fe reduction rates increased from 0.12 + 0.02 to 0.26 + 0.05
mmol kg™' h™!, whereas cumulative CH, decreased from 44.0 + 4.7 to
12.7 + 4.6 pmol kg™'. C-amino acid spikes were preferentially
incorporated into the DNA of iron reducers (Anaeromyxobacter sp.) in
the shorter oxic treatment (8 h vs 24 h), suggesting that Fe reducers are less inhibited by shorter periods of oxidation. Conversely,
longer oxygen pulses appear to suppress Fe reducers more than methanogens, leading to increased CH, emissions. These findings
highlight the role of the redox oscillation length in modulating biogeochemical processes and greenhouse gas emissions in soils.

KEYWORDS: tropical forest soils, redox oscillations, iron cycling, methane emissions, stable isotope probing

B INTRODUCTION days. Altering the periodicity in these soils shifted the
microbial community and its function.”**’

Currently, redox variability is represented in global
biogeochemical models via discrete redox-sensitive processes
that are turned on or off based on soil moisture.”**** In this

Redox variability is ever present in soils' ™ and drives critical
biogeochemical transformations of iron (Fe), methane (CH,),
and other compounds.*™” This is most evident in the spatial
redox heterogeneity that emerges within microsites and along

flow paths and can yield vastly different redox conditions of manner, rates of CH, or CO, production (for instance) are
soil locales separated by a cm or less.5 10 Oxygen (O,) scaled to the time under anoxic or oxic conditions.””>*>! This
depletion commonly manifests within aggregates, along the is a valid approach only if redox status has only two conditions
margins of preferential flow paths, within small pores or other and if soil moisture can be taken as a reasonable proxy for
features that restrict the water flow in the presence of organic redox status, such that the pattern of redox changes does not
matter."'™'* Common visual expressions of spatial redox matter, only whether the system was oxic or anoxic.>?
heterogeneity in soils include iron mottling, concretions, and However, we argue that the shape of redox fluctuation patterns
Liesegang bands.' """ Temporal redox variability is also does matter, at least for some processes and for some

common and emerges within individual microsites or in bulk
soil pores due to the shifting water content, carbon availability,
and O, depletion.'””*' While spatial redox heterogeneity
manifests as distinct redox-static biogeochemical niches,
temporal redox heterogeneity forces direct competition
between microbial groups and thus generates niches where Received: November 18, 2024
soil taxa must tolerate redox conditions that are dynamic.”*~>* Revised:  February 14, 2025
Pett-Ridge et al.”**° showed that specific microbial commun- Accepted:  February 18, 2025
ities maintain adaptation to shifting redox conditions and, in Published: February 28, 2025
some tropical forest soils, have adapted to specific redox

fluctuation periodicity, including oscillations as short as every 4

fluctuation parameters. Three redox fluctuation parameters can
reasonably define the pattern of redox fluctuations: periodicity
(the recurrence rate of low redox events), amplitude (the rates
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of O, introduction or consumption), and duration (the length
of time that any low or high redox condition persists; Figure
§1).19:31:3334

Prior exposure to anoxic conditions is known to impact
anaerobic biogeochemical processes by conditioning indige-
nous anaerobic communities.”> >’ However, if the period of
time between anoxic events is too long, then anaerobic
communities may lose this conditioning, or aerobes may
become relatively more dominant; conversely, too short an
anoxic event and certain anoxic processes with less
thermodzrnamic yield (e.g, CH, generation) may never
develop.”®™* Most anaerobic processes also depend on
electron acceptors (e.g., NO;~, Mn'", Fe', and SO,*") that
can be renewed biotically or abiotically by a pulse of O,
although the kinetics of oxidation varies.*'™** Furthermore,
organic compounds in soils with periodic oxic conditions tend
to have a higher average nominal oxidation state of carbon
(NOSC) value,"* which can increase the concentration of
organic matter electron donors that are more thermodynami-
cally favorable for anaerobic processes.*”*

Periodicity and the duration of O, reintroduction are clearly
important regulators of biogeochemical processes, especially at
the extremes of very short fluctuations or the difference
between a fluctuating system and an essentially permanently
oxic or anoxic system.”””***” For instance, while redox
fluctuations generally increase Fe reduction rates relative to
nonredox fluctuating systems,”>** variations in periodicity do
not appear to impact these rates unless the frequency becomes
very rapid."” In the case of Fe reduction, reoxidation of Fe**
generates fresh electron-accepting Fe'' phases that are
preferentially reduced over bulk Fe™ (ie. rapidly reducible
Fe'"), with faster oxidation rates (amplitude) producing more
rapidly reducible Fe'" minerals than slower oxidation events.’!
If the availability of electron acceptors is limiting, then
maximum Fe reduction rates should occur at short redox
oscillation frequencies, as Calabrese et al”® has shown in a
theoretical paper predicting maximal Fe reduction rates as a
function of the redox dynamics using the frequency and mean
depth of rainfall events.”® However, this does not account for
the timescales of microbial growth and activation, which
constrain oxygen consumption and biogeochemical processes
in redox dynamic systems. In some humid upland soils, redox
conditions oscillate on timescales that are shorter than
organisms can respond via population growth.””**** Under
these conditions, the ability of microbes to adjust their
metabolism and tolerate changes in oxygen availability may be
important strategies.*”*" At the pedon scale, this would allow
O, respiring taxa to coexist with fermenters and a wide variety
of anaerobes/facultative taxa that use terminal electron
acceptors other than O,.

We expect that the integrated biogeochemical responses to
dynamic redox conditions will depend considerably on how
various processes and their abiotic and biotic drivers are
alternately constrained or enhanced. Since very short redox
fluctuations should stimulate Fe reduction,'”*® we sought to
evaluate the role of O, exposure length on Fe reduction and
competing anaerobic processes. Here, we focus on the
production of CH,, which can occur through a combination
of fermentation and anaerobic microbial respiration”' and may
be suppressed when Fe reducers outcompete methanogens for
acetate and hydrogen substrates.””>” Conversely, methano-
trophs can participate in Fe'' oxide reduction via CH,
oxidation under anoxic conditions;*>*>>* this may be an
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important sink for CH,, in soils.”> We hypothesized that during
redox fluctuations, soils exposed to brief oxic intervals (7y.)
would exhibit higher Fe reduction rates during subsequent
anoxic intervals (7,,oq) than those exposed to longer oxic
intervals and that these higher Fe reduction rates would
suppress CH, emissions. We tested this by exposing a redox
fluctuating soil to variable lengths of oxic exposure
(maintaining similar lengths of anoxia) while monitoring Fe'
concentrations, CO, and CH, efflux, Fe mineral composition,
and soil microbial community composition.

B METHODS

Site and Sample Characterization. Five soil cores were
collected from 0—10 cm depth in a valley location at the Bisley
Research Watershed in the Luquillo Experimental Forest
(LEF), Puerto Rico (Luquillo Critical Zone Observatory,
LCZO). The samples were collected under field-moist
conditions, placed in plastic bags, stored under oxic conditions
in a cooler at ambient temperature, and immediately shipped
to the University of Georgia within 24 h of sampling. The field-
moist samples were then carefully homogenized and sieved (2
mm) under anoxic conditions in a 95%:5% (N,:H,) glovebox56
(Figure S2). The initial soil moisture content of the fresh soil
was 77% (0.77 g of water per g of dry soil). Soils from the
Bisley watershed are predominantly ultisols (Typic Haplohu-
mults) formed from volcanic parent material, weakly acidic,
and mineralogically composed of quartz, kaolinite, chlorite, and
goethite.”” The soil redox oscillates on timescales of several
days.”” Total Fe and Al were determined by ICP-MS following
a Li-metaborate fusion. Standard short-range-ordered (SRO)
Fe and Al phases were obtained by citrate/ascorbate extraction
(0.2 M sodium citrate/0.05 M ascorbic acid) and analyzed by
ICP-MS. The native soil (prior to incubation) contained 943 +
4 and 439 + 7 mmol kg™ soil of total Fe and SRO Fe'',
respectively (Table S1).

Redox Oscillations and Iron Reduction. We subjected
natural soils in suspensions (1:10 soil:solution ratio) to three
different redox oscillation treatments for up to 47 days. Soil
slurries (suspensions) were constantly mixed on an orbital
shaker (250 rpm) to decrease soil heterogeneity and force
microbial interactions, essentially magnifying the competition
that might occur within a single microsite.” Our experimental
design was similar to that described by Barcellos et al,'’ but
with fresh, field-moist soils instead of air-dried soils (to better
capture the ambient microbial community dynamics). The soil
slurries were buffered to maintain the natural soil pH (5.5)
with MES (2-N-morpholino-ethanesulfonic acid) with KCl as a
background electrolyte. Each treatment contained triplicate
reactors (Nalgene polypropylene narrow-mouth Erlenmeyer
flask), which contained 4.5 g (dry-weight equivalent) of soil in
a2 mM KClI + 10 mM MES that buffered solution at pH 5.5 +
0.2 across the duration of the experiment, with a 45 g final
suspension mass. Soil slurries were placed in a 95%:5%:0%
(N,:H,:0,) glovebox (Coy anaerobic chamber) for the anoxic
condition and were exposed to laboratory room air (~21% O,)
for the oxic condition, both constantly shaking on an orbital
shaker at 250 rpm and in the dark. Fe" was measured every 8—
72 h in 0.5 M HCI extraction, which combines the aqueous
and adsorbed Fe''. Based on previous studies,’**** most of
the Fe' involved in the redox cycling of soils is surface-
adsorbed, with only a small portion present in the aqueous
phase; thus, we present HCl-extractable Fe! values, which
contain both adsorbed and aqueous Fe'". We accomplished the
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extraction by withdrawing 0.5 mL of the suspension from the
same vessel using wide orifice pipet tips (to avoid soil particle
size exclusion and keeping the same soil:solution ratio), adding
0.5 M HCI, shaking for 2 h, centrifuging at 11,000 RCF
(relative centrifugal force) for 10 min, and taking the
supernatant for analysis.”**’ Concentrations of Fe!' after
ferrozine colorimetric analysis were obtained from 562 nm
(and 500 nm) in a spectrophotometer.”

In parallel reactors, dissolved O, (DO) was monitored
through a single redox oscillation cycle (undergoing oxic and
anoxic conditions) in triplicate reactors using a Hach (USA)
DO meter. Within 1 h after exposing anoxic soil slurries to oxic
conditions, DO increased to >7.0 mg L™ (>84.7%). Likewise,
for soil slurries that were previously exposed to oxic conditions
over 24 h, we observed that DO decreased from 9.90 to 0.24
mg L' (~100 to 2.4%) within 2 h and reached 0.06 mg L™
(0.73%) after 24 h of anoxia (Table S2).

We aimed to test the influence of O, exposure on Fe
reduction rates and implications on CO, and CH, emissions
by changing the time that soils would be exposed to O, (7 y.)
from 72, 24, and 8 h coupled with a long anoxic period (7,neyc)
of 144 h (6 days) (Table 1). We started our experiment by

Table 1. Treatments for Different Oscillation Periods and
Tosic OF Tynoxc Durations in Hours (and Days) from a
Tropical Forest Soil Incubation Experiment (Luquillo
Experimental Forest, Puerto Rico), with Different Redox

Oscillation Treatments

Treatment Toxic Tanoxic Toxlc/Tauoxit Num. of
ratio Cycles
Pre-conditioning 24 h 144 h 1:6 3
(15 vessels) (6d)
Started different At 480 h of
treatments experiment
Treatments Toxic Tanoxic Toxic/ Tanoxic | Reps | Num. of
ratio Cycles
Ox-72h 72h(3d) | 144 h (6 d) 1:2 3 3
Ox-24h 24 h 144 h (6 d) 1:6 3 3
Ox-8h 8 h 144 h (6 d) 1:18 3 3

+ Anoxic Control (3 reps)

+ Oxic Control (3 reps)

preconditioning all reactors to three sequential oscillation
periods of 6-day anoxic and 1-day oxic, in order to acclimate
the soil’s microbial communities to repetitive identical shifts in
redox conditions. Thus, after the preconditioning period (at
480 h), we split the reactors into three treatments, undergoing
three consecutive redox cycles as follows: Ox-72 with 144 h
anoxic + 72 h oxic, Ox-24 with 144 h anoxic + 24 h oxic, and
Ox-8 with 144 h anoxic + 8 h oxic (Table 1). Control
treatments with either constant anoxic or oxic conditions were
also included (n = 3).

Trace Gases and Carbon Analyses. Fluxes of CO, (in
mmol kg™" of soil h™') and CH, (in ymol kg™" of soil h™")
were measured at approximately the beginning, middle, and
end of each redox cycle. For each gas flux measurement, we
capped the triplicate reactors with rubber septa and sampled
the headspace gas at 0, 10, and 30 min with gastight syringes
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and stored in pre-evacuated 3 mL glass vials. Samples were
analyzed in a gas chromatograph (Shimadzu GC-14A, Japan)
using a flame ionization detector (FID) and an electron
capture detector (ECD). Nitrogen (280 kPa) was used as the
carrier gas, and the flow in the column was 24.3 mL min~ %
Measurements of CO, and CH, were used to calculate both
instantaneous fluxes (in mmol kg™" of soil h™! and ymol kg™*
of soil h™!, respectively) and estimated cumulative fluxes (in
mmol kg™' of soil and pmol kg™' of soil, respectively),
calculated by multiplying the instantaneous flux by all hours
prior to the current measurement and after that last
measurement. We note that these cumulative flux estimates
do not capture gas loss between measurements.

Samples for total carbon and nitrogen were analyzed via
combustion in a CHN Carlo Erba elemental analyzer. The
native soil (no treatment added) had 37.4 mg g™' of total C
and 2.2 mg g~' of total N (solid phase). The MES buffer added
another 7.5 mg of C, comprising 14% of carbon in each
reactor, which made for 44.9 mg g_1 of total C at the start of
the experiment. Dissolved organic carbon (DOC) from the
aqueous phase (supernatant after centrifugation) of the soil
slurry at the end of redox oscillation for each treatment was
measured in a Shimadzu 5050 TOC.

Méossbauer Spectroscopy. Detailed Fe speciation was
determined by Mossbauer spectroscopy at the temperatures of
50, 35, 25, 13, and S K. We collected triplicate soil samples at
the end of the last (third) oxic interval for the treatments Ox-
72, Ox-24, and Ox-8 and for the common soil used in all
treatments at the beginning of the experiment (initial soil). We
pooled together the triplicate oxic samples to form one soil
sample, placed those samples in a ring that was covered with
Kapton tape to avoid gas diffusion, and immediately froze the
sample in a —20 °C freezer. The samples were placed in our
Mossbauer spectrometer’s cryostat (precooled to below 140
K), operating with a He atmosphere to prevent the oxidation
of any Fe" by oxygen. The Mossbauer spectra were recorded in
transmission mode with a He-cooled cryostat with variable
temperature (Janis Research Co.) and a channel detector
(1024). Detailed information for the Mossbauer spectra
modeling and fitting parameters (Figures S3—S6 and Tables
S3—S6) are provided in the Supporting Information.

Microbial Analyses. To identify Fe reducers, methano-
gens, and the overall soil microbial community composition,
DNA was extracted from soil slurries at the beginning of the
experiment (n = 3) and at the end of the last anoxic interval for
0x-72 (n = 2), Ox-24 (n = 2), and Ox-8 (n = 2) using an in-
house phenol-chloroform extraction (Supporting Information).
The 16S rRNA V4 region was amplified using the primers
S1SF and 806R targeting bacteria and archaea.””> Amplicons
were sequenced on a MiSeq using Illumina’s v3 500-cycle
(paired-end) reagent kit at the Argonne National Laboratory
Next Generation Sequencing Core Facility. Raw sequences
were processed, and amplicon sequence variants (ASV) were
generated using Qiime v1.9.1 (Supporting Information). Fe
reducers and methanogens were identified from species
documented in the literature (see Section 2 of the Supporting
Information). The community composition was obtained using
ASYV relative abundances.

To determine if the Fe reducers and methanogens detected
in the 16S rRNA gene survey were metabolically active, 44 mg
of isotopically labeled amino acids (AA) (99 atm% "*C and
>N; Sigma) was added to slurries for the Ox-08 (n = 3) and
Ox-24 (n = 3) treatments, 24 h before the last oxic interval.
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Figure 1. Soil Fe™ dynamics for soils from the Luquillo Experimental Forest (Puerto Rico) incubated with multiple headspace redox treatments
(mmol of Fe"" per kg of dry-weight equivalent soil: mean + 1 standard deviation), including a preconditioning period (7. = 24 h), a fully oxic
treatment, and three treatments with decreasing 7,y of 72, 24, and 8 h (a, b, and ¢, respectively). In the oxic control treatment (nonfluctuating),
Fe' concentrations remained steady (3.8 + 0.5 mmol kg™*) throughout the experiment. Data from a static anoxic control incubation are presented

in Figure S7.

The slurries were incubated for one more oxic and anoxic
cycle. After 1 week of incubation, 11 mL (~1 g of soil) was
withdrawn, flash-frozen, and stored at —80 °C for subsequent
microbial community analysis. Density-based stable isotope
probing (SIP) fractionation was then performed using the
high-throughput SIP pipeline63 at the Lawrence Livermore
National Laboratory (Supporting Information). 16S rRNA
gene sequences were amplified with the 515F and 806R PCR
primers, and the resulting amplicons were paired-end
sequenced on a MiSeq sequencer at the Lawrence Livermore
National Laboratory (Supporting Information). Raw sequences
were processed, and ASVs were generated using DADA2
v1.28%* (Supporting Information). The community composi-
tion was obtained using ASV relative abundances. To identify
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active Fe reducers, we used the conservative approach of only
sequencing fractions with a density of >1.7525 g mL™". The
buoyant density of natural abundance DNA in CsCl solution
increases with an increasing genome GC content, and the
highest GC content reported in bacteria/archaea is 75%. This
GC content can be used to estimate the highest average
buoyant density possible for natural abundance DNA using the
formula: buoyant density = (0.098 X 0.75) + 1.66 = 1.7335 g
mL™". Since the DNA of a single population follows a Gaussian
distribution in the CsCl density gradient, we estimated the
range of this distribution using pure culture SIP samples in our
specific density gradient profiles. This range spans +0.019 g
mL~’, resulting in an upper limit of 1.7525 ¢ mL™" (1.7335 +
0.019) for natural abundance DNA. Consequently, we
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Environ. Sci. Technol. 2025, 59, 4469—4481


https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c12329/suppl_file/es4c12329_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c12329/suppl_file/es4c12329_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c12329/suppl_file/es4c12329_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c12329?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c12329?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c12329?fig=fig1&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c12329/suppl_file/es4c12329_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c12329?fig=fig1&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.4c12329?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

60

Treatment (Tanoxic :Toxic)

S 50 F—e—O0x72(144h:72h)
H — 0 —0x-24(144h: 24 h)
5 40 +—o—0x8(144h:8h)
E
£ 30 %
N’
2 20
10
O 1
300 350 400 450
(a) Tanoxic
| Cycle 1 | Cycle 2 | Cycle 3 |
70
Treatment (Tanoxic :Toxic)
= | —e—0x-72 (1441 : 72 h)
S 60
o0 — 0 = Ox-24 (144 h : 24 h)
= 50+
=S ©  Ox-8(144h:8h)
l
S 40 T
-t
=
&)
5 30 T
=
N
=
= 20 T
£
=
O 04
0 ©
0 50 100 150 200 250 300 350 400 450
(b) Tanoxic

Figure 2. (a) Fe"' concentrations normalized to the initial concentration at each cycle (mean + 1 standard deviation) over anoxic conditions

(Tanoxic) only, for the treatments with decreasing =

oxic

of 72, 24, and 8 h; (b) cumulative CH, normalized to the initial concentration at each cycle

(mean + 1 standard deviation) over anoxic conditions (7,,0y) only, for the treatments with decreasing 7. of 72, 24, and 8 h. Soils from the
Luquillo Experimental Forest (Puerto Rico). T,y is the cumulative number of hours in the anoxic condition.

concentrated our sequencing efforts on DNA with higher
buoyant density exceeding this cutoff to ensure that we
identified only those taxa whose DNA density increased due to
isotope incorporation during replication.

Analyses of Metabolites (Acetate) by NMR. We
collected the aqueous phase from the reactors (supernatant
after centrifugation) at the end of the last (third) oxic interval
for the treatments Ox-72, Ox-24, Ox-8, and preconditioning, to
perform metabolite analyses (acetate) by nuclear magnetic
resonance spectroscopy (NMR). Details for the analyses are
provided in Section 3 of the Supporting Information.

Statistical Analyses. To compare the effect of the different
redox oscillation treatments on Fe'' concentrations and
cumulative CO, and CH, fluxes, we performed ANOVA
analysis using a Kenward—Roger approximation and para-
metric bootstrap function for linear mixed models, using the
Imer function from the Ime4 package in R.°>°° To correlate the
effect of preceding 7., on anaerobiosis of Fe and C, we
computed linear regressions individually for each of the
treatments comparing two of these variables at a time (Fe'
and CH,), under anoxic conditions only, using the Im function
from the Ime4 package in R. We further conducted a one-way
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ANOVA to test for differences in acetate concentrations
among the treatments, for the soil samples collected in the last
(third) oxic interval. Statistical Analysis of Metagenomic
Profiles (STAMP) was used to identify significant differences
in taxonomic groups among treatments.’”

B RESULTS AND DISCUSSION

Ferrous Iron Dynamics and Iron Reduction Rates. We
cycled all treatments through three preconditioning redox
cycles (6-day reduction followed by 24 h of oxidation; Table
1) to verify that all replicates were behaving similarly and
exhibiting significant increases in Fe' during the anoxic
intervals and sharp drops in Fe' during the oxic periods
(Figure 1); this preconditioning also removed any “start-up”
effects of the experiment. After the preconditioning cycles, we
split the treatments for an additional three redox cycles so that
three replicates each had either an 8, 24, or 72 h exposure to
O, followed by again a similar 6-day anoxia (Table 1, Figure 1,
and Figure S7). All replicates continued to behave as expected,
with Fe' increasing during anoxic geriods, followed by sharp
drops when O, was reintroduced;'”** Fe reduction rates and
peak Fe'' concentrations decreased slightly but remained
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Figure 3. (a) Average Fe reduction rates with n = 3 redox cycles for the preconditioning and treatments with 7
for each treatment. Lowercase letters in parentheses (a and b) indicate significant differences at the 5% probability

Cumulative CH,, during 7,
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of 72, 24, and 8 h. (b)

level. The error bars indicate a +1 standard deviation. Soils from the Luquillo Experimental Forest (Puerto Rico). Summary of results: alterations in
Fe' and CH, during anoxic conditions (,,ec), With changes in the preceding 7, for the different treatments.

statistically similar (p > 0.05) within a given treatment from
the first to the third experimental redox cycle.

We found that anoxic Fe"" production differed depending on
the length of oxic exposure. Incubations with the shortest O,
exposure (Ox-8 treatment) had both greater Fe'' concen-
trations (Figure 2a) and higher Fe reduction rates (0.26 + 0.05
mmol kg™ h™'; Figure 3a) relative to the Ox-24 and Ox-72
treatments (Figure 2a). These Ox-24 treatment had similar Fe
reduction rates (0.16 + 0.03 mmol kg™ h™') to the
preconditioning period (which had identical 7y,
while rates in the Ox-72 treatment were slightly lower (0.12 +
0.02 mmol kg™' h™'), but the difference was not significant
(Figure 3a).

Shorter O, Perturbations Stimulated Faster Fe
Reduction Rates. Short pulses of O, (7.) evidently
stimulate higher anoxic Fe reduction rates during subsequent
periods of anoxia. We discuss potential explanations for this by
considering in turn the factors governing soil Fe reduction
rates, principally: the availability of Fe™ electron acceptors, the
availability of labile carbon substrates (electron donors), and
the activities of microbial Fe reducers.””***® Higher Fe
reduction rates following a shorter O, exposure time could be
explained by a greater abundance of electron acceptors, more

and Tanoxjc) )
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available electron donors, and a more active Fe reducer
population in those treatments.

To assess differences in the availability of Fe™ electron
acceptors, we analyzed solid-phase samples by Mossbauer
spectroscopy at the end of the last (third) oxic interval for the
contrasting treatments Ox-8 and Ox-72. Mossbauer spectros-
copy is highly sensitive to the crystallinity of Fe oxide phases
when run across a temperature gradient, with less crystalline
phases, which are typically more available for Fe™ reduction,
requiring a lower collection temperature to magnetically order
into a Mdssbauer sextet.” We found that the Mossbauer sextet
abundance was similar for both the Ox-8 and Ox-72 samples at
50, 35, and S K, with slightly higher sextet abundance in the
Ox-8 samples (46.4 + 1.1 and 51.6 + 1.0%) than the Ox-72
(417 + 2.4 and 46.9 + 2.4%) samples at 25 and 13 K,
respectively (Figure 4, Figures S3—S6, and Tables S3—S6).
One could interpret this as evidence that the Ox-8 samples had
higher crystallinity (and thus likely less availability for Fe
reduction) than the Ox-72 samples. However, another measure
of crystallinity is the hyperfine field strength of the sextet; the
Ox-8 sextets at 25 and 13 K are more skewed toward lower
hyperfine field strengths (Bhf 47.5 and 47.9, respectively) than
the Ox-72 sextets (Bhf 47.9 and 48.4, respectively), which

111
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Figure 4. Mdssbauer spectra (50, 35, 25, 13, and S K) for the Luquillo Experimental Forest soils (Puerto Rico) collected at the end of the last
(third) oxic interval, for the redox oscillation treatments Ox-72 and Ox-8. For each spectrum, the black line corresponds to the total calculated fit,
through the discrete data points. The resolved spectral components and assignments are (1) Q-Fe'-1, the deep central doublet (blue line)
corresponding to Fe' in aluminosilicates or organic matter; (2) Q-Fe'-1, the wider ferrous doublet corresponding to adsorbed Fe or Fe'' in clays
or organic matter (green line); (3) Q-Fe'-2, the narrow ferrous doublet corresponding to ilmenite (brown line); (4) HFD-OxHy-1, the dominant
sextet (purple line) corresponding to Fe-oxyhydroxides that are magnetically ordered; (5) HFD-(b)OxHy, the collapsed “sextet” corresponding
to Fe™ oxyhyroxides near their blocking temperature; and (6) H-(b)Fe', the partially magnetically ordered Fe" phase. Detailed fitting parameters
are provided in the Supporting Information (Tables S3 and S6).

suggests that the portions of Fe phases in the Ox-8 samples significant differences in SRO-mineral crystallinity exist
that order at 25 and 13K, while more abundant than the in Ox- following the oxidation events. Furthermore, while it is well-
72 samples, are comparatively less crystalline. In all cases, these understood that pO, (as well as Fe'' oxidation rates”*"”")
differences are minor and much less pronounced than changes impacts the formation and crystallinity of incipient Fe'
in both treatments relative to the initial soil (Figures S3—S6 minerals, all of our treatments were exposed to similar pO,
and Tables S3-S6), or changes reported previously in (~21% 0O,). The length of O, exposure (8—72 h) could
response to redox fluctuations.”””’ This suggests that no feasibly generate different amounts of crystal ripening as some
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Figure 5. Stacked bar plots of relative sequence abundance of iron reducers and methanogens in a tropical forest soil incubated with redox
oscillation treatments. (a) Relative abundance of iron-reducing clades at the beginning of the experiment (T, n = 3) and 5—6 weeks later, at the
end of the last anoxic interval for incubations with a 6-day anoxic interval followed by either 72 h of oxygen exposure (Ox-72; n = 2), 24 h of O,
(Ox-24; n = 2), or 8 h of O, (Ox-8; n = 2). (b) Relative abundance of the Anaeromyxobacter bacterial clade. Letter designations indicate the
significance of Tukey’s pairwise comparisons. (c) Relative abundance of iron-reducing bacteria that were isotopically enriched after *C/**N-labeled
amino acids were added in the penultimate cycle of redox oscillation. (d) Relative abundance of methanogens at the beginning of the experiment
and the end of the last anoxic interval. All relative sequence abundances are based on 16S rRNA gene amplicons.

find in laboratory syntheses at high temperatures’” and under weeks) might cause more sweeping changes in the microbial

acidic conditions,”” but our Mdssbauer data suggest that this community composition and growth efficiency.

does not happen in our experiment. In our study, we identified several dominant iron-reducing
We also tested for differences in labile organic matter genera, including Anaeromyxobacter, Geobacter, and Geothrix

(electron donors) by measuring water-extractable DOC across all treatments (Figure Sa). The relative abundance of

present at the beginning of the final anoxic interval. Total Anaeromyxobacter was significantly higher in the Ox-08

DOC (corrected for the abundance of the MES organic buffer) treatment compared to Ox-24 and Ox-72 (p < 0.05) (Figure
was statistically similar (p > 0.05) for the Ox-72 and Ox-8 soils Sb). Additionally, when we used SIP-DNA analysis to assess

(155 + 13 and 170 + 21 mg L™, respectively). We also used bacterial activity immediately following exposure to O,,
nuclear magnetic resonance spectroscopy (NMR) to evaluate Anaeromyxobacter was the most responsive group to Bc-
the volatile fatty acids (VFAs) in the samples and found that amino acid additions, with a relative abundance of 15% in Ox-
acetate concentrations were not statistically different (p > 08, compared to just 0.3% in Ox-24 (Figure Sc). This strongly
0.05) between the precondition, Ox-8, Ox-24, and Ox-72 suggests that Anaeromyxobacter can maintain higher activity
treatments (Figure S8). Further, CO, emissions were similar following only 8 h of O, exposure relative to 24 h.
throughout the experiment across the Ox-72, Ox-24, and Ox-8 Anaeromyxobacteria have been previously detected in LEF
treatments (Figure S9). Consequently, we surmise that the soils exposed to slow and fast oxidation rates’* and are
supply of labile organic substrates for Fe reducers did not differ frequently observed in poorly drained/depressional soils.”®
with the different O, pulse lengths in our experiment. Another common Fe reducer that we observed, Geobacter, can
We also tested whether differences in the microbial tolerate O, exposure over 24 h in pure culture conditions,”®
community composition (particularly Fe reducers) could but their in situ temporal threshold for O, tolerance in soils is
underpin the differences that we observed in Fe'' production unknown. If the threshold for Fe reducers to maintain high
rates. The metabolism of Fe reducers is generally thought to be activity is between 8 and 24 h for our system, then this could
inhibited during oxic conditions due to both competition for explain the higher Fe reduction rates that we observed in the
reductants with aerobic organisms, which use O, as an electron treatments with shorter 7,;. The ability of Fe reducers to
acceptor, a far more thermodynamically favorable reaction,* rapidly resume activity after O, exposure or shifts in the
and because O, is toxic to many anaerobic organisms and can availability of reducible Fe'" phases could explain the increased
trlgger anaerobes to generate protective enzymes or form anaerobic Fe reduction rates that we observed with decreasing
cysts.”* It is possible that very short pulses of O, (i.e., <0.5 h) O, exposure time.
in an otherwise anoxic environment may not be sufﬁc1ent for Adding "*C-amino acids dramatically increased Fe reduction
aerobic organisms to outcompete Fe reducers for reduced-C rates (by 9X and 4X for the Ox-24 and Ox-8 treatments,
electron donors, whereas very long exposure to O, (ie, 2 respectively (Figure S10)) and appeared to shift the system
4476 https://doi.org/10.1021/acs.est.4c12329
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from one responding to the length of oxic exposure to one
dominated by an external labile carbon pulse. The DNA-SIP
data show that the Ox-8 Fe reducers, which were mostly
Anaeromyxobacter, took up and incorporated more labeled C
into their DNA than the Ox-24 Fe reducers, which were mostly
Geobacter (Figure Sc). The Ox-8 Fe reducers were more active
at the time of the C addition; however, the Ox-24 Fe reducers
led to higher Fe reduction rates with this new C source (Figure
$10). This nuance may reflect a transitory adjustment to the
new regime, or perhaps Geobacter has a lower growth yield
than Anaeromyxobacter on the amino acid substrate.

Longer O, Perturbations Lead to Higher CH,
Emissions. In contrast to our Fe reduction results, anaerobic
CH, emissions increased when we lengthened the O, exposure
intervals (Figures 2 and 3 and Figure S11). While the general
pattern of instantaneous CH, flux was similar across treatments
(i.e., increasing CH, flux over the 6-day anoxic period followed
by a sharp decrease during oxic periods), CH, fluxes were
more pronounced in the Ox-72 and Ox-24 treatments than in
the Ox-8 treatments (Figure 2b). Cumulative CH, fluxes
decreased significantly with decreasing oxic exposure length
(Ox-72 > Ox-24 > Ox-8), with the Ox-24 treatment
maintaining similar CH, fluxes to the preconditioning cycles
(which had 24 h oxic periods) (Figure 3b and Figure S11).
Thus, lengthening the oxic exposure to 72 h increased CH,
fluxes, while decreasing oxic exposure to 8 h decreased CH,
fluxes.

Fe' reduction is well-known to suppress CH,, production in
soils, as Fe reducers can often outcompete methanogens for
key substrates like acetate or H,.”””” This is likely why within
each anoxic interval, we do not see that CH, emissions begin
to increase until Fe reduction rates start to decline (Figures 2
and 3). Higher Fe reduction rates in the shorter 7,4
treatments could thus be expected to suppress CH, emissions
more than in longer 7.y treatments (Figures 2 and 3). To
examine this, we plotted rates of Fe'' and CH, production for
each treatment and found that the Fe':CH, regression slope
shifts from 0.29 to 1.32 for the Ox-72 to Ox-8 treatments
(Figure S12 and Table S7), consistent with greater anaerobic
Fe" production and lower anaerobic CH, fluxes following
shorter O, exposure (Figure S13 and Table S7). Fe':CH,
regression slopes were statistically significant for precondition-
ing (0.85), Ox-24 (0.88), and Ox-72 (0.62) but not statistically
significant for Ox-8 (1.32) (Figure S12). The generation of
rapidly reducible SRO Fe' phases during each oxidation event
fuels Fe reducer activity, and our SIP-DNA measurements
show that at least the Fe reducer Anaeromyxobacter is more
active at the beginning of the anoxic cycle in the 8 h treatment
than in the 24 h treatment (the 72 h treatment could not be
measured due to the sample loss). As others have separately
shown, experimental additions of SRO Fe™ to similar Luquillo
Experimental Forest (LEF) soils can stimulate iron reducers to
outcompete methanogens.”” What is less clear is why longer
oxic exposure length appears to diminish Fe'' production more
than CH, emissions.

Anaerobe Tolerance to O,. The ability of anaerobic
organisms to tolerate periodic exposure to O, is essential for
them to survive and thrive in redox fluctuating environments,
and we have shown previously that organisms populating the
LEF soils are adapted to frequent redox shifts.””***’ In our
current experiment, it appears that longer O, exposure has a
negative effect on the activity of Fe reducers, but that
methanogens are not similarly constrained. In fact, in the Ox-
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72 treatment, where Fe reduction rates were the lowest, CH,
fluxes begin to increase immediately upon the initiation of the
Tonoxic interval, whereas in the Ox-24 and Ox-8 treatment, CH,
fluxes were typically delayed for ~48 h (Figure 2). We
observed Methanobacterium as the dominant methanogen in all
treatments (Figure 5Sd); prior work has shown that this taxa
can recover rapidly following O, exposure.”””” However, the
relative abundance of Methanobacterium was exceedingly low
(~0.001%), which may have influenced the lack of significant
differences in relative abundance between treatments, as well
as our inability to detect methanogen activity at the beginning
of the anoxic cycle using SIP-DNA measurements (Figure Sd).
Although methanogens are strict anaerobes, recent findings
suggest that they can be less constrained by O, exposure than
previously assumed,’®”*™" with some species producing CH,
even when cultured with low levels of O, (up to 1%).*" While
it is understood that longer O, exposure can lower subsequent
anaerobic activity for methanogen cultures,*” recovery times
can be as short as 1 day’® and full viability can often be
preserved after week- to month-long exposures to O,"
especially when low redox microsites or other anaerobic
microbes are present.37’78’84 More complex interactions
between Fe and CH, might also explain the suppression of
CH, fluxes during periods of high Fe reduction, such as the
coupling of anaerobic oxidation of CH, to Fe reduction by
methanotrophic archaea and bacteria,*>*® direct interspecies
electron transfer (DIET) processes,””* or specific substrate
preferences and availability, which link Fe reducers, methano-
trophs, and methanogens.””

Environmental Implications. Our findings illustrate that
the duration of O, exposure can be an important determinant
of Fe reduction rates, a fundamental ecosystem process in
upland soils. Short periods of O, exposure appear to drive
rapid Fe reduction, whereas longer O, exposure can hinder Fe
reduction. We found that the duration of O, exposure can
affect the balance of Fe reduction and CH, emissions in soils
experiencing redox oscillations. For soils exposed to 6 days of
anoxia, as O, exposure decreased from 72 to 24 to 8 h, the
subsequent anoxic intervals had higher Fe reduction rates and
lower CH, emissions, with no change in CO, fluxes.

The ecosystem consequences of variable redox conditions
manifest through the timescales and rates of the governing
processes.”’ For instance, a key consequence of a shift from
oxic to anoxic conditions is the solubilization of phospho-
rus,gl_% organic m::ttter,24’94’95 and various contaminant
metals”*™"® associated with the reductive dissolution of high-
surface-area Fe oxides that often sorb these constituents.”
However, the release of these constituents is governed by the
kinetics of Fe reduction, which can either be sluggish or
extremely rapid depending on environmental conditions.
Frequent redox fluctuations have been shown previously'’
and theoretically28 to favor high Fe reduction rates, and here,
we now show that specifically the length of O, exposure
modulates Fe reduction rates. Soil ecosystems that favor short
periods of oxygenation of soil microsites should also favor
faster Fe reduction rates and greater releases of sorbed
constituents.

The implications of an Fe redox cycle that is modulated by
O, exposure length could be profound. The principal
intersection of the Fe redox cycle with ecosystem function is
via its coupling with the C cycle,”*"'*”'" although Fe is also a
critical elemental sorbent for the key plant nutrient
phosphorus.””?>'%>'% Incorporating the dynamics of Fe
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cycles into global ecosystem models has been challenging
because it has not been clear how to tie changes in soil
moisture to Fe reduction rates.”'**'** In an encouraging step,
Calabrese et al.”® have shown that the theoretical maximum in
cumulative ecosystem Fe reduction will occur when redox
fluctuations are as frequent as possible given the growth and
activity constraints of microbial Fe reducers. Our results
further this theory and we postulate that microbial Fe reducers
thrive in environments with relatively short pulses of O,, which
should be predictable based on rainfall patterns.”>'**'%

Some studies estimate as much as 50% of the C
mineralization in humid soils could be coupled to Fe
reduction,'” an estimate supported by the theoretical work of
Calabrese et al.”® Another work’ suggests that an acceleration
of the Fe reduction/oxidation cycles would likely lead to a net
decrease in organic matter persistence by destabilizing Fe-
associated organic matter, both directly via Fe reduction and
indirectly via Fenton chemistry if oxidation events occur when
Fe!' concentrations are high. Further, P behavior can become
dominated by Fe cycle dynamics in redox dynamic systems'**
as the oxidation of Fe"" generates SRO Fe'! phases that sorb
phosphorus, which are then subsequently dissolved during
reduction events.”>'?" =%

Our study probed the biogeochemical dynamics of a tropical
forest soil in the absence of spatial heterogeneity by forcing
microbial competition in a slurried soil reactor. Stimulating Fe
reduction has long been shown to curtail CH, production in
wetlands and soil systems. With spatial heterogeneity
minimized, our results suggest methanogens are less affected
by longer O, exposure than Fe reducers and thus might have a
competitive advantage in systems that become oxygenated for
long periods of time, such as through extensive soil drainage or
droughts. Conversely, we might expect frequent, short aeration
events to minimize CH, production in systems with
appreciable Fe redox cycling.
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