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Abstract: Interactions between soils and climate impact wider environmental sustainability. Soil
heterogeneity intricately regulates these interactions over short spatiotemporal scales and therefore
needs to be more finely examined. This paper examines how redox heterogeneity at the level of
minerals, microbial cells, organic matter, and the rhizosphere entangles biogeochemical cycles in
soil with climate change. Redox heterogeneity is used to develop a conceptual framework that
encompasses soil microsites (anaerobic and aerobic) and cryptic biogeochemical cycling, helping to
explain poorly understood processes such as methanogenesis in oxygenated soils. This framework is
further shown to disentangle global carbon (C) and nitrogen (N) pathways that include CO2, CH4,
and N2O. Climate-driven redox perturbations are discussed using wetlands and tropical forests as
model systems. Powerful analytical methods are proposed to be combined and used more extensively
to study coupled abiotic and biotic reactions that are affected by redox heterogeneity. A core view is
that emerging and future research will benefit substantially from developing multifaceted analyses
of redox heterogeneity over short spatiotemporal scales in soil. Taking a leap in our understanding
of soil and climate interactions and their evolving influence on environmental sustainability then
depends on greater collaborative efforts to comprehensively investigate redox heterogeneity spanning
the domain of microscopic soil interfaces.

Keywords: soil redox; heterogeneity; climate feedback; soil carbon (C); soil nitrogen (N); soil mi-
crosites; cryptic biogeochemical cycling; methane (CH4) paradox; wetlands; tropical forests

1. Introduction

Determining the vulnerability of both current and potentially sustainable systems to
climate change depends on our knowledge of how soils, collectively forming the reactive
terrestrial surface and extending to the subsurface and sediments of the Earth, function at
microscopic, biogeochemical, interfaces. To gain a deeper understanding of these interfaces
and how they link to climate change, new conceptual frameworks that center on universal
parameters need to be developed to adequately describe the complex interactions that exist
between the surfaces of minerals, microbial cells, soil organic matter, and plant tissues
in different environments on a global scale. Soil redox status is essentially a universal
parameter and a well-recognized master variable that can be used to broadly describe and
predict biogeochemical processes. However, soil redox conditions are remarkably dynamic
depending on the system, displaying heterogeneity over different spatiotemporal scales,
which are only beginning to be fully acknowledged and thoroughly evaluated in the face
of climate change [1–4].

Aggregate-scale redox heterogeneity is likely to be more ubiquitous in soils than
previously thought and can potentially signal dramatic changes in soil C stabilization and
mineralization [3,5–8]. Research on cryptic biogeochemical cycling offers further insight
into how coupled abiotic and biotic reactions might transmit rapid C and climate feedback
across redox-heterogeneous zones [2,4,9]. The C and N cycles, including greenhouse gas
emissions (i.e., CO2, CH4, and N2O), are intricately tied to the biogeochemical cycling
of iron (Fe) in many soils [2,10]. Rapid electron transfer between C, Fe, and N species is
regulated by geochemical and microbial reactions, which are in turn affected by redox
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heterogeneity [2]. Identifying the critical redox couples and intermediates within each
reaction pathway is exceedingly difficult, especially if they traverse shifting redox regimes
and rapidly transform [4]. This further complicates the identification of mechanisms that
underpin soil and climate interactions, ultimately obscuring the connections between soil
redox heterogeneity and large-scale phenomena such as climate change. An important
example of this involves CH4 emissions from oxygenated soils [11–15]. Emerging data
indicate that methanogenesis in soils is not constrained to the deepest, inundated, and most
anaerobic/anoxic layers as has been the paradigm in soil and climate research [11,13,14].
A growing body of evidence indicates that CH4 production significantly, perhaps even
ubiquitously, occurs in near-surface oxygenated soils in different ecosystems ranging from
wetlands to humid tropical forests [3,11,13,15,16].

A common feature shared by aggregate-scale microsites, cryptic biogeochemical cy-
cling, and CH4 production in oxygenated soils is that they all appear to be regulated by
redox heterogeneity operating over short spatiotemporal scales. Whether redox heterogene-
ity takes the form of a distinct transition, gradient, or oscillation in local redox conditions,
most soils experience redox heterogeneity as multidirectional oxidizing-to-reducing and/or
aerobic-to-anaerobic (including facultative) boundary conditions over different spatiotem-
poral scales. These boundary conditions can overlap on very short spatiotemporal scales
in soils and allow for various biogeochemical feedback mechanisms and sectoring of the
soil microbiome, setting the stage for a tapestry of redox transition zones with major
consequences on nutrient availability and greenhouse gas emissions [1,2,17].

As the research scope widens, it is becoming clear that our understanding of soil and
climate interactions requires a more fundamental and multidimensional conceptualization
of redox heterogeneity in soils based on microscopic soil interfaces and shorter spatiotem-
poral scales. Climate change in the form of altered precipitation patterns, wet–dry cycling,
soil warming, sea-level rise, storm surges, coastal flooding, altered wind dynamics, and
more frequent and intense forest fires could drive extreme changes in soil redox conditions.
Greenhouse gas emissions from soil in turn drive climate change and are regulated by
redox heterogeneity. The present paper examines the ways in which soil redox heterogene-
ity fundamentally and intricately regulates soil and climate interactions. Once it is more
fundamentally conceptualized, redox heterogeneity can be used to explain and unravel the
entangled nature of these interactions.

2. Redox Heterogeneity over Short Spatiotemporal Scales in Soil

How does redox heterogeneity at the level of minerals, microbial cells, organic mat-
ter, and the rhizosphere entangle biogeochemical cycles with climate change? This is a
profound question considering that soil redox conditions regulate global C cycling and
that soils are described as both the largest terrestrial reservoir and the largest dynamic
stock of C on Earth [3,7]. Importantly, a general answer to this question is needed to help
explain fine-scale environmental processes (e.g., involving C and N transformations) that
are linked to climate change. Complex, fine-scale, processes such as anaerobic and aerobic
microsite formation, cryptic biogeochemical cycling, and CH4 emissions from oxygenated
soils share common mechanistic features that arise from redox heterogeneity operating
over short spatiotemporal scales in soil (Figure 1).
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Figure 1. Conceptual framework of fine-scale redox heterogeneity in soils. The framework illustrates redox heterogeneity 
spanning mineral, microbial, organic, aggregate, and wetland–rhizosphere interfaces. Greenhouse gases (CH4, CO2, N2O, 
GHGs) are shown in different pathways. The blue oscillation graph in the lower left corner indicates soil conditions that 
vary with time and correlate with redox heterogeneity relevant to all the scenarios shown in the main figure. The large 
brown and blue arrows revolving in the upper left corner indicate soil and climate interactions. Between the head of the 
blue arrow and the tail of the brown arrow, these interactions are entangled by redox heterogeneity. The mineral, micro-
bial, organic, aggregate, and wetland–rhizosphere features, as well as the oscillating conditions, can be envisioned to co-
exist in different environmental systems discussed in the main text and are not meant to be mutually exclusive in this 
framework. Additionally, though not explicitly shown, other organisms such as earthworms and various soil mesofauna 
collectively form an integral part of this conceptual framework, especially because they transfer and transform soil organic 
matter, influence aggregate structure, degrade plant tissues, and open physical channels for nutrient and gas exchange 
among the different soil interfaces. 

Redox heterogeneity is expected to direct the interactions between minerals, micro-
bial cells, and organic matter within and between soil microsites. Aggregate-scale micro-
sites are often comprised of clay minerals and Fe and Al (oxyhydr)oxides that can protect 
(i.e., stabilize) soil organic matter from microbial access (i.e., physical or enzymatic), mak-
ing mineral-associated C and N less bioavailable for microbial metabolic processing [3]. 
However, changes in soil structure and moisture can lead to heterogeneous redox condi-
tions, and as redox conditions shift over short spatiotemporal scales within or between 
soil aggregates, the microbial bioavailability of C and N also changes [7]. Redox heteroge-
neity involving the flow of electrons between C, Fe, N, and O2 spans mineral–microbial 
interfaces, where these interfaces can be further envisioned to exist in the microsites of 
soil aggregates (Figure 1). For example, anaerobic microsites develop in otherwise oxy-
genated soils when aggregate pore spaces become saturated with water and the pore-
space O2 is quickly consumed during aerobic respiration [3,5,7]. When O2 becomes suffi-
ciently depleted as a terminal electron acceptor, subsequent hypoxic/anoxic conditions set 
in and the rate of organic C degradation may decrease under anaerobic conditions. Cur-
rent research indicates that anaerobic, aggregate/pore-scale, microsites in upland (i.e., 
qualitatively bulk dry, oxygenated, well drained) soils need to be considered more often 

Figure 1. Conceptual framework of fine-scale redox heterogeneity in soils. The framework illustrates redox heterogeneity
spanning mineral, microbial, organic, aggregate, and wetland–rhizosphere interfaces. Greenhouse gases (CH4, CO2, N2O,
GHGs) are shown in different pathways. The blue oscillation graph in the lower left corner indicates soil conditions that
vary with time and correlate with redox heterogeneity relevant to all the scenarios shown in the main figure. The large
brown and blue arrows revolving in the upper left corner indicate soil and climate interactions. Between the head of the
blue arrow and the tail of the brown arrow, these interactions are entangled by redox heterogeneity. The mineral, microbial,
organic, aggregate, and wetland–rhizosphere features, as well as the oscillating conditions, can be envisioned to coexist in
different environmental systems discussed in the main text and are not meant to be mutually exclusive in this framework.
Additionally, though not explicitly shown, other organisms such as earthworms and various soil mesofauna collectively
form an integral part of this conceptual framework, especially because they transfer and transform soil organic matter,
influence aggregate structure, degrade plant tissues, and open physical channels for nutrient and gas exchange among the
different soil interfaces.

Redox heterogeneity is expected to direct the interactions between minerals, microbial
cells, and organic matter within and between soil microsites. Aggregate-scale microsites
are often comprised of clay minerals and Fe and Al (oxyhydr)oxides that can protect (i.e.,
stabilize) soil organic matter from microbial access (i.e., physical or enzymatic), making
mineral-associated C and N less bioavailable for microbial metabolic processing [3]. How-
ever, changes in soil structure and moisture can lead to heterogeneous redox conditions,
and as redox conditions shift over short spatiotemporal scales within or between soil
aggregates, the microbial bioavailability of C and N also changes [7]. Redox heterogeneity
involving the flow of electrons between C, Fe, N, and O2 spans mineral–microbial inter-
faces, where these interfaces can be further envisioned to exist in the microsites of soil
aggregates (Figure 1). For example, anaerobic microsites develop in otherwise oxygenated
soils when aggregate pore spaces become saturated with water and the pore-space O2 is
quickly consumed during aerobic respiration [3,5,7]. When O2 becomes sufficiently de-
pleted as a terminal electron acceptor, subsequent hypoxic/anoxic conditions set in and the
rate of organic C degradation may decrease under anaerobic conditions. Current research
indicates that anaerobic, aggregate/pore-scale, microsites in upland (i.e., qualitatively bulk
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dry, oxygenated, well drained) soils need to be considered more often when modeling
greenhouse gas emissions from soils on a global scale [3,6,7,18]. These microsites are
conceptually delineated based on attributes such as pore-size distribution, physical com-
paction and degradation (relevant to agricultural systems), and moisture and O2 gradients
within, or between, soil aggregates [7]. The results suggest that anaerobic microsites can
stabilize soil C, at least temporarily, until oxygenation (i.e., aeration) diminishes anaerobic
metabolic pathways and initiates aerobic respiration that increases the production of CO2.
Anaerobic microsites have gained recognition as protected, albeit dynamic, stocks of soil
organic matter in otherwise oxic soil environments. Still, spatiotemporal partitioning of
oxic (aerobic) and anoxic (anaerobic) microsites is poorly understood at the aggregate scale
in most environments, especially regarding how neighboring microsites might be bridged
by coupled aerobic and anaerobic pathways spanning local redox transitions. Aerobic
microsites in otherwise hypoxic/anoxic soil environments, such as wetlands, are extremely
important to consider in this context [19,20]. The biogeochemical cycling of C and N in
wetland soils is tightly regulated by the presence and distribution of O2 in the rhizosphere.
Wetland soils often develop thick organic-rich layers from decomposing plant biomass that
can lack distinct aggregate structure in their profile compared to clay-rich upland soils.
Many wetland plants survive extremely wet or flooded conditions via transport of O2
down to their root and rhizome networks (e.g., through aerenchyma tissues mediated by
factors such as solar energy, internal humidity gradients, and external wind dynamics) for
maintaining below-ground plant cellular respiration during inundation by water. Trans-
port of O2 down to the roots and rhizomes can establish transient aerobic microsites in
the surrounding anaerobic/anoxic rhizosphere, leading to redox heterogeneity over short
spatiotemporal scales [19,21,22].

The above comparison between uplands and wetlands illustrates that the redox het-
erogeneity of microsites is a more fundamental, universal, property of soils that does
not strictly arise from soil aggregates or soil structure. Plant-transported O2 to wetland
rhizospheres does not necessarily depend on aggregate-like soil structure, but on the
root–rhizome–soil interface. Even within clay-rich soil aggregates in uplands, redox hetero-
geneity at mineral–microbial interfaces does not strictly depend on soil structure. More
fundamentally, soil microsite conditions can be conceptualized to arise wherever, or when-
ever, redox heterogeneity spans the domain of mineral, microbial, organic matter and
rhizosphere interfaces (Figure 1). At this level, redox heterogeneity is defined by the flow
of electrons between microscopic interfaces and intermediate redox couples, the lifetime of
which is extremely important for measuring and tracking abiotic and biotic reactions.

Cryptic biogeochemical cycling involves the rapid transformation of, or rapid transfer
of electrons between, short-lived abiotic and biotic intermediates in different environ-
ments [2,4,9]. Cryptic cycling is an important feature of soils affected by fine-scale redox
heterogeneity. One example of cryptic Fe cycling relevant to soil and climate interactions,
especially in environments impacted by agricultural fertilizer additions, is the microbial
reduction of NO3

− and the subsequent abiotic reduction of NO2
− with Fe(II) (as electron

donor in both processes) to form N2O [1,23–25] (Figure 1). This cryptic cycle could be
envisioned to exist within soil aggregates or between neighboring microsites, for example,
using the redox heterogeneity framework presented in Figure 1. The cryptic, Fe(II)-driven,
pathway of Fe and N overlaps with microbial nitrification/denitrification that forms bio-
genic (biotic) N2O. Overlap in cryptic cycles also involves soil C [2,26]. In this example
with Fe and N, Fe(III)-reducing bacteria can oxidize and transfer electrons from organic
C to solid-phase Fe(III), reducing this Fe(III) to Fe(II), and whether this newly formed
Fe(II) remains associated (e.g., sorbed) with the solid phase or becomes solubilized, it
may then proceed to abiotically react with NO3

− to form NH4
+ [1,27] and/or NO2

− to
form N2O [23,24]. During abiotic or biotic (e.g., with Fe(II)-oxidizing bacteria) oxidation
events, some of the remaining Fe(II) could be converted back to solid-phase Fe(III), or some
Fe(II) may function as a catalyst in Fenton-like reactions to generate oxidative radicals that
further break down organic C [28]. Redox heterogeneity over short spatiotemporal scales,
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such as mineral–microbial interfacial scales, can intricately regulate cryptic cycling in soils
(Figure 1).

Redox heterogeneity exists even at the cellular level of individual microbes in the
environment. Certain anaerobic bacteria in anoxic sediments have been shown to couple
the oxidation of CH4 to the reduction of NO2

− by uniquely producing their own O2 from
nitric oxide (NO), then using this O2 to oxidize CH4 to CO2 under anaerobic/anoxic condi-
tions [29]. Anaerobes can also use external or self-produced electron-shuttling compounds
to catalyze extracellular reduction of terminal electron acceptors (e.g., Fe(III)) [2,30,31]. Fur-
ther, anaerobic microbial biofilms can form on mineral surfaces, allowing for unique process
such as nanowire and interspecies electron transfer [32–34] (Figure 1). Iron(III)-reducing
bacteria can transfer electrons extracellularly to solid-phase Fe(III) or to methanogens
to syntrophically produce CH4 [16,32,34]. Different microbial sectors in the microbiome
can partition or display structured assembly due to spatial confinement, even displaying
aggregate-like characteristics that do not require soil minerals [17,35]. Similarly, nanopar-
ticles such as those of Fe-(oxyhydr)oxides can assemble with each other, including as-
semblages with microbial cells and soil organic matter, and may have mixed valency (i.e.,
containing Fe(III) and Fe(II)), where redox heterogeneity spans the micro- and nano-size
ranges [8,16,26,33,36,37].

These processes demonstrate how soil and climate interactions, involving the global
cycling of C and N between soils and the atmosphere, are entangled by fine-scale redox
heterogeneity in soils. Redox heterogeneity is central to the conceptual framework dis-
cussed and developed in this section (Figure 1). Importantly, this framework can be broadly
applied to better study microsites and cryptic biogeochemical cycling in soils. In the next
section, the application of this conceptual framework will be demonstrated to help unravel
the paradox of CH4 emissions from oxygenated soils.

3. Applying Redox Heterogeneity to Disentangle the Soil CH4 Paradox

Historically, CH4 emissions from soils have been viewed to originate primarily from
deep, inundated, strictly anoxic, layers [14]. This view stems from the fact that methano-
genesis is generally recognized to be a strictly anaerobic process. More recently, methano-
genesis in oxygenated soils has been reported to occur in ecosystems ranging from wet-
lands [11–13] to humid tropical forests [15,16,38], where near-surface oxygenated soil can
account for up to 90% of total CH4 emissions from certain wetlands [11]. The mechanisms
of this process in soil appear to be unique, at least when compared to CH4 emissions from
oxygenated marine waters where CH4 can be generated during the aerobic degradation
of dissolved organic, methylated, phosphonates [39]. In the case of soils, studies suggest
that anaerobic microsites might facilitate CH4 emissions in otherwise oxygenated environ-
ments [3,11,14]. However, it is not clear how CH4 production, a putative anoxic process, is
significantly increased by the presence of O2 in soils. If instead we apply the concept of
redox heterogeneity more fundamentally, as described in the last section, we could envision
a scenario where methanogens benefit from local and/or transient oxygenation to fuel the
production of CH4 (Figure 2).
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Figure 2. Methanogenic (purple cells), aerobic (grey cells), and facultative (green cells) microbial
pathways are envisioned to overlap on short spatiotemporal scales to allow for methanogenesis in
oxygenated soils. This follows from concepts in Figure 1 that are further discussed in the main text of
Section 3. Although other microbial cells are shown here to surround the methanogen cells, there is
no requirement that methanogens be physically shielded from O2. The only requirement is that O2 is
a short-lived redox intermediate, irrespective of any spatial or physical constraints. In this way, O2

can indirectly fuel methanogenic activity by increasing the activity and/or biomass of local aerobic
and facultative microbes to produce more methanogenic substrates, and thus increase CH4 emissions
from oxygenated soils.

Recent data suggest that methanogens are resilient to oxygenation in soil, even when
aggregate structure is not present, such as in incubated soil suspensions [12,16]. It is
possible that aerobes and facultative microbes, in close proximity to the methanogens,
quickly convert O2 to CO2, where this produced CO2 can then be rapidly used as a substrate
for methanogenesis (Figure 2). This pathway would also involve the transient production
and consumption of H2, acetate, and C-1 compounds to produce CH4. In this scenario,
redox heterogeneity spanning aerobic, facultative, and anaerobic microbial interfaces
would help explain how soil oxygenation could cryptically fuel methanogenesis without
invoking soil aggregate structure (i.e., as a critical microsite characteristic). Accordingly, we
only need to consider redox heterogeneity spanning microbial cells, regardless of distinct
structural features of soil (e.g., aggregates or pore spaces). Within the framework of fine-
scale redox heterogeneity (Figures 1 and 2), there is no rule specifying that methanogens
and aerobes, or facultative microbes, cannot come into close spatiotemporal proximity with
each other or metabolically overlap. Over short spatiotemporal scales, redox intermediates
(e.g., O2, CO2, CH4, organic matter, etc.) could simply become part of the cryptic metabolic
pipeline between aerobic, facultative, and anaerobic microbes (Figure 2). This connection
is often overlooked in large-scale system models that divide soils into broader aerobic
(or oxic) and anaerobic (or anoxic) areas, which include soil layers, soil depths, and even
soil aggregates. However, at the level of minerals, microbial cells, organic matter, and the
rhizosphere, such generalized, coarse, delineation can lead to overlooking the nuances of
soil and climate interactions and global CH4 emissions from soils. This is an important
point for climate models and simulations because climate-driven perturbations could
dramatically alter these fine-scale redox processes.

4. Climate-Driven Redox Perturbations in Soil

Climate change has the potential to cause various redox perturbations in soils world-
wide depending on the ecosystem. These climate-driven perturbations could significantly
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alter the fine-scale properties of redox heterogeneity in soils and increase the emissions
of greenhouse gases to the atmosphere (Figure 3). Broader biogeochemical cycles, anthro-
pogenic practices, and inevitably environmental sustainability would all be influenced in
critical ways.
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Figure 3. Climate change, in various forms, is shown to cause redox perturbations in soil. These climate-driven redox
perturbations are linked to GHG emissions and multiple biogeochemical processes in different ecosystems, where they
can regulate soil redox conditions over short spatiotemporal scales, as well as bulk redox conditions over larger areas of
the landscape.

Wetlands ranging from coastal to inland areas represent unique ecosystems that al-
low for the monitoring of climate-driven redox perturbations in real time on a global
scale [22]. In tidal wetlands, these redox perturbations involve the dynamics of cyclical
flooding, including wetting and drying cycles [19]. Whether through changes in sea level
or changes in the frequency and magnitude of storm surges [20], climate change can alter
these dynamics and therefore alter redox heterogeneity in these soils. Any fine-scale change
to redox heterogeneity in soils forced by climate-driven redox perturbations will almost
certainly display sensitive feedback with C and N cycling [3,40]. If these perturbations
result in higher CO2, CH4, and N2O emissions from coastal wetlands, then a positive soil
and climate feedback will be triggered and could further escalate with advancing climate
change [13,14,20,22,41] (Figure 3). Extensive wetland networks further inland (e.g., the
Prairie Pothole Region spanning the USA and Canada) may not be immediately affected
by sea-level rise or coastal storm surges, but local changes in precipitation and wet–dry
cycling brought on by climate change could similarly alter soil redox heterogeneity and
soil and climate interactions [42]. In common to both coastal and inland wetlands, as men-
tioned previously, many wetland plants use solar energy and internal humidity gradients,
among other physiological mechanisms, to transport O2 down to their root and rhizome
networks [19–22]. Below-ground plant tissue concentrations of O2 have been shown to
peak during the day and sharply drop during the night, and so this pattern of oxygenation
can repeat on a diurnal cycle within the otherwise hypoxic/anoxic rhizosphere, where the
radial loss (i.e., outward diffusion or leaking) of O2 from rhizome tissues is expected [19]. In
some coastal wetlands, these diurnal oxygenation cycles might also partially overlap with
the cycling of tidal waters [20]. This compounded diurnal oxygenation cycling by wetland
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plants and tidal cycling, influencing fine-scale redox heterogeneity in soils, represents a
unique superposition of spatiotemporal redox oscillations. Climate change, therefore, has
the potential to affect O2 transport to the rhizosphere of wetland plants in different geo-
graphic areas in complex ways, perhaps through increased ambient and/or soil warming to
cause internal plant transport-gradient stresses, in addition to the impact of climate change
on precipitation and flooding characteristics. This also includes any effects on greenhouse
gas transport through plant tissues from soils to the atmosphere, where vegetation such as
common reeds and large trees can facilitate this transport in wetlands [22,43]. Although
wetlands serve as extensive biogeochemical and ecological indicators to monitor climate
change, they are also important for modeling environmental sustainability. For example,
wetlands are used as buffer zones between urban and coastal systems. Wetland plants are
actively being studied as biofuel stocks, are commonly used to mitigate the harmful effects
of industrial pollution, and are used to stabilize sediments and prevent erosion, and some
wetland plants also serve as a food source for humans and livestock, as well as provide a
vital refuge for wildlife [22,44].

Tropical forest soils, like wetland soils, exist within unique ecosystems that are in-
fluenced by climate-driven redox perturbations [16,40]. Depending on the geographic
location, these redox perturbations may be intensified due to changes in forest warm-
ing, the frequency and intensity of forest fires that can alter C biogeochemistry and the
microbiome, hurricane magnitude and frequency, and altered precipitation patterns and
wet–dry cycling [40,45] (Figure 3). Tropical forest soils (e.g., soils of the Luquillo Critical
Zone Observatory (LCZO), Puerto Rico) display high turnover rates of soil organic C
that are linked to soil-redox oscillations [40]. Precipitation and wet–dry cycling establish
redox-oscillating conditions that can change rapidly on a day-to-day basis and by soil
depth, where the O2 levels can shift between 0% and atmospheric concentration [46–48].
Organic C inputs to the soil are supplied by leaf litter from the overlying tree canopy and
abundant Fe-(oxyhydr)oxides in the soil have an important role in stabilizing soil C [40].
Aerobic and anaerobic respiration are both equally high, owing in part to the constant
input of organic C and the abundance of solid-phase Fe(III) as a terminal electron acceptor
under low oxygenation [41,46,47]. Crystal order and reactivity of the Fe-(oxyhydr)oxides
are significantly altered by soil redox oscillations, which further regulate C and nutrient
cycling [16,28,49–51]. For example, organic C forms co-precipitated complexes with Fe-
(oxyhydr)oxides, where phosphorus (P) also strongly sorbs to Fe-(oxyhydr)oxides, and so
Fe(III)-reducing bacteria can significantly impact the coupled C-Fe-P cycle during redox
oscillations and dissimilatory Fe(III) reduction [30,41,52,53]. The microbiome of tropical
soils has been shown to quickly respond to different redox-oscillating conditions and there
are many biogeochemical pathways that may be hypothesized to shift due to climate-
driven redox perturbations now and in the immediate future [16,38,46]. For instance, CH4
production and high methanogenic activity have been observed in tropical soils in the
field and when incubated under different levels of headspace O2 in the laboratory [15,16],
which is important because soil aeration in the field is sensitive to the effects of climate
change. These results are relevant to the soil CH4 paradox discussed in the last section.
Methanogens have been indicated to primarily use the H2/CO2 (i.e., hydrogenotrophic)
pathway to produce CH4 during short redox oscillations in the laboratory [16], which
is important because H2 is also an electron donor for Fe(III)-reducing bacteria during
the reduction of Fe(III), and CO2 is readily produced under both aerobic and anaerobic
conditions during redox oscillations. Interspecies electron transfer from Fe(III)-reducing
bacteria to methanogens could also be important, because class (III) signal peptide gene
expression of methanogens has been implicated in a type-IV pili assembly mechanism
during Fe(III)-reducing conditions in tropical soils linked to redox oscillations [16,32].
Climate-driven redox perturbations are therefore expected to alter this overall Fe and C
cycling in tropical forest soils on a global scale.

Wetlands and tropical forests help to monitor, model, and predict the impact of
climate-driven redox perturbations in soils and on environmental sustainability worldwide.
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Information from these ecosystems can be extended to other more specific environments
to assess the potential local impacts of climate change. For example, different wetlands
that support rice cultivation are vulnerable to climate-driven redox perturbations, as well
as highly weathered agricultural soils in Africa, China, and India that receive abundant
fertilizer inputs and are replete with Fe minerals [54–58]. Furthermore, climate change
could cause wider irrigation practices to adapt in such a way as to influence soil redox
perturbations in local areas (Figure 3). These considerations show the great importance of
studying climate-driven redox perturbations in various soils, in addition to understanding
the general impact of climate change on agricultural practices such as the additions of C and
N, and water management strategies related to the frequency and magnitude of irrigation.

5. Multifaceted Analysis of Redox Heterogeneity in Soils

Throughout the preceding sections, a conceptual framework has been developed
which shows how redox heterogeneity operates in soils to intricately regulate soil and
climate interactions (Figures 1 and 2), including how redox heterogeneity in turn can
be influenced by climate-driven redox perturbations (Figure 3). This multifaceted soil
and climate feedback requires an equally multifaceted analytical approach to gain deeper
insight into the underlying biogeochemical mechanisms. Although an extensive, detailed,
list of relevant analytical techniques is beyond the scope of the present paper, there are
specific powerful techniques that could be used in more combined formats for future re-
search. This section will focus on the unique capabilities of (1) molecular omics, (2) Fourier
transform ion cyclotron resonance mass spectrometry (FT-ICR-MS) and Orbitrap mass
spectrometry (MS), (3) synchrotron X-ray absorption spectroscopy (XAS), (4) microfluidics,
and high-performance computing using (5) agent-based modeling and (6) molecular dy-
namics simulations to help guide the development of comprehensive, combined, analytical
approaches (Figure 4).
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(1) Molecular omics analyses, such as metagenomics (i.e., soil DNA and metagenome-
assembled genomes), metatranscriptomics (i.e., soil mRNA and broad gene expression
analysis), proteomics, metabolomics, etc., have gained wide use and development in recent
years for soils research [11,16,32,56,59]. Metatranscriptomics offers a wide characterization,
over short time scales, of the active microbial populations in soil and which biogeochemical
processes they are actively mediating [16]. Importantly, metatranscriptomics can reveal
the biological pathways used to direct redox reactions that involve various abiotic and
biotic reactions in soils [16,32]. (2) Fourier transform mass spectrometers have an extremely
high mass-resolving power and mass accuracy compared to other MS techniques [60,61].
Ultrahigh-resolution mass spectrometry, such as FT-ICR-MS and Orbitrap-MS, allows
for the simultaneous analysis of hundreds to thousands of different organic molecules
from soil-derived water and chemical extracts based on exact m/z ratios [3,28,62,63]. Both
techniques allow for the prediction and classification of molecular formulae in unknown
samples, and are both sensitive to isotopic composition (e.g., these techniques can be used
for stable isotope probing (SIP) experiments) [28]. These techniques can also be used to
calculate the nominal oxidation state of C (NOSC) for individual organic compounds,
where a low NOSC value corresponds to a more reduced species and a higher NOSC value
corresponds to a more oxidized species. The NOSC value of an organic molecule can further
be used to calculate the free energy of a reaction involving the oxidation of that molecule
by different electron acceptors (e.g., O2 or Fe(III)) [3]. FT-ICR-MS and Orbitrap-MS have
both recently been coupled to secondary ion MS (SIMS), paving the way for high spatial
resolution analyses (i.e., chemical mapping) that can characterize a broad range of inorganic
and organic interfaces [60,64], potentially including the redox-relevant NOSC values for
detected organic molecules [3], which is highly important for studying soil samples where
different biogeochemical interfaces and redox conditions are present [28]. A 3D Cryo-
OrbiSIMS technique has very recently been used to generate 3D chemical maps of bacterial
biofilms in their native state [64], which likely has great potential to be developed further
for future soils research, especially if NOSC values can be obtained for the detected organic
molecules. Characterization of soils using SIMS, including NanoSIMS [65], allows chemical
maps to be generated ranging from the nano- to micro-scale. The SIMS techniques are also
able to measure differences in isotopic composition. Depending on the ion beam(s) used to
characterize a sample, individual elements and small to large molecules, including large
biomolecules, can be measured by SIMS. It should be noted that some of these more ad-
vanced MS techniques are being used in only a relatively small number of labs worldwide,
however, they are overall becoming more available for environmental studies. (3) Syn-
chrotron XAS, including XANES and EXAFS, allows for the chemical mapping of oxidation
states (e.g., Fe(II) and Fe(III)) and mineral identities (e.g., Fe-(oxyhydr)oxides) in complex
soil samples, which can help to characterize fine-scale redox heterogeneity [18,66,67]. Syn-
chrotron X-ray tomography can also be used to measure microscopic structural features in
soil to investigate the physical and spatial properties that give rise to redox heterogeneity
over short spatiotemporal scales [68]. (4) Microfluidics deals with the design, fabrication,
and application of devices/platforms of various material composition (depending on the
application) that contain functional and controllable features on the nano- to micro-scale
size range [35]. Some microfluidic devices/platforms have been used to study soil-relevant
microsites, including mineral transformations and microbial interactions [35,69]. Microflu-
idics can be used to physically model fine-scale redox heterogeneity in soils, including
abiotic and biotic reactions, where devices could also be made that contain micro-electrode
arrays for monitoring and/or manipulating fine-scale redox conditions. (5) Agent-based
modeling (ABM) allows for the simulation of a complex system of individual entities or
agents (e.g., individual microbial cells), including the interactions between them, where
each agent can essentially operate according to unique decision-making rules in response
to environmental signals. These ABM simulations can be used to study the interactions
between different microbes in soil-relevant microsites, including those that have been de-
veloped on microfluidic devices/platforms [35]. (6) Molecular dynamics (MD) simulations
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model the behavior of atoms and molecules (e.g., complex organic compounds), including
their interactions with each other, surfaces, and aqueous solutions. MD simulations have
been increasingly used to describe and explain both inorganic and organic reactions in soil
systems and could further help to characterize redox heterogeneity over extremely short
spatiotemporal scales [70].

Combinations of some of these techniques can be found in the recent literature cited
in this section, however, there needs to be much more development in terms of inte-
grating multiple analyses and diverse expertise to comprehensively study the abiotic
and biotic reactions affected by redox heterogeneity in soils. Furthermore, sophisticated
high-performance computer methods should be developed in parallel with the use of high-
powered analytical techniques to process comprehensive experimental data and to apply
the resulting information to numerical models of soils in different environments, which
could also potentially benefit earth system models (ESMs) that seek to include fine-scale
redox heterogeneity in soil and climate interactions [71]. Multidisciplinary research teams
could therefore pair the above techniques in various formats to develop improved multi-
faceted analyses of redox heterogeneity over short spatiotemporal scales in soil (Figure 4).
This combined approach is anticipated to motivate the development of new analytical tools
and expand the forefront of environmental research.

6. Conclusions

Current research is vastly reshaping the way we interpret redox status when con-
sidering a more fine-scale view of heterogeneity in soils, sediments, and aquatic systems.
Here, in this paper, a conceptual framework has been specifically developed around re-
dox heterogeneity in soils over short spatiotemporal scales to examine the fundamental
entanglement of soil and climate interactions. This conceptual framework can be applied
to different abiotic and biotic processes to disentangle these interactions, providing a bet-
ter understanding of C and N transformations that includes greenhouse gas emissions.
Importantly, this application depends on greater collaborative efforts to comprehensively
investigate redox heterogeneity spanning the domain of microscopic soil interfaces. Some
of the most powerful analytical techniques available to study redox heterogeneity have re-
ceived limited coverage in the environmental sciences, yet are poised to advance emerging
areas of research, especially if combined to achieve different research goals. Environmental
sustainability on a global scale will continue to be affected by climate-driven redox pertur-
bations in soils that could drastically shift in the immediate future. Agricultural practices,
environmental engineering, water-management strategies, and urban development must
all address these issues to secure natural resources and to protect human health in the
face of climate change. Overall, redox heterogeneity at the level of minerals, microbial
cells, organic matter, and the rhizosphere is a fundamental soil property that intricately
regulates, yet also allows us to more accurately predict, soil and climate interactions and
their sweeping impact on environmental sustainability.
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