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Abstract
Flooded  paddy  soils  often  experience  a  sustained  iron  (Fe)  reduction  window  because

reactive  ferric  Fe(III)  minerals  can  persist  through  seasonal  inundation  rather  than  being

completely exhausted. Within this window, reduction of Fe(III) to ferrous Fe(II) links anaerobic

electron  transfer  to  the  cycling  of  carbon,  nutrients,  sulfur,  and  arsenic.  Monitoring  these

transitions requires  indicators  that  combine mechanistic  relevance with field feasibility  and

reproducibility. Here, we propose an Fe-centric framework using total dissolved Fe (TDFe) as

a  process  window indicator.  Under  typical  circumneutral  paddy conditions,  the contrasting

solubility behavior of Fe(III) and Fe(II) constrains dissolved Fe dynamics such that increases in

TDFe  primarily  reflect  Fe(II)  accumulation  during  Fe(III)  reduction.  Acid  fixation  preserves

dissolved Fe signals  during sampling and storage,  enabling reproducible tracking of  the Fe

reduction  window.  Coupled  dissolved  arsenic  dynamics  provide  environmentally  relevant

corroboration  that  this  window  corresponds  to  reductive  mobilization  processes  driven  by

Fe  transformation.  The  redox  interpretation  of  TDFe  weakens  where  sulfide  scavenges

dissolved Fe;  reactive  Fe(III)  minerals  are  limited,  or  Fe  reduction becomes decoupled from

dissolved  Fe  accumulation,  requiring  complementary  redox  potential,  Fe  speciation,  or

mineralogical  analyses.  Integrating  TDFe  with  low-disturbance  depth-resolved  sampling

(e.g., microdialysis profiles) could extend redox monitoring from bulk seasonal trends toward

spatially resolved process dynamics. More broadly, this framework illustrates how chemically

constrained process windows can transform complex redox transitions into measurable and

management-relevant indicators.
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Highlights
•  Total dissolved Fe effectively represents the reduced Fe pool.

•  Total dissolved Fe tracks seasonal Fe reduction in freshwater paddies.

•  Acid-fixed total Fe is reproducible for routine seasonal redox monitoring.

•  Dissolved As complements Fe but does not replace As speciation.

•  The indicator fails where sulfide scavenges dissolved iron.
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Graphical abstract

 
 Introduction

Soil  and  sediment  redox  conditions  regulate  a  wide  range  of  key
biogeochemical  processes,  including  greenhouse  gas  (GHG)
emissions[1−3],  nutrient  transformations,  and  contaminant
mobilization[2,4,5].  However,  translating  these  dynamic  processes  into
reliable indicators that are suitable for field monitoring at the seasonal
scale  remains  challenging.  In  flooded  agricultural  systems,  redox
transitions occur continuously across spatial  and temporal scales,  and
management  decisions  often  require  determining  when  reducing
conditions develop, how long they persist, and where they occur[5−12].

O2

The  difficulty  of  redox  monitoring  arises  from  the  complex  and
overlapping  nature  of  reduction  processes  in  soils.  Although  ther-
modynamic  theory  predicts  a  general  sequence  of  electron  accep-
tor  utilization,  including  oxygen  ( ),  nitrate,  manganese,  Fe(III)
(hydr)oxides, sulfate, and carbon dioxide[13], flooded soils commonly
exhibit  concurrent  redox  reactions  because  of  kinetic  limitations,
mineral  heterogeneity,  microbial  interactions,  and  microscale  envi-
ronmental  variability  (Fig.  1)[3,12,14].  Consequently,  approaches
designed  to  resolve  individual  reactions  or  chemical  species  often
require intensive sampling, careful sample preservation, and sophis-
ticated  analytical  procedures,  limiting  their  applicability  for  field-
scale  and  seasonal  monitoring  programs[10,12,15].  This  distinction
highlights  a  fundamental  difference  between  mechanistic  charac-
terization  and  operational  monitoring:  although  detailed  measure-
ments  may  identify  specific  reactions,  field  monitoring  requires
indicators  that  capture  environmentally  meaningful  process  transi-
tions with sufficient reproducibility.

Such  indicators  should  track  a  process  that  is  both  environmen-
tally  consequential  and  capable  of  producing  an  abundant  and
measurable signal. Among the major electron acceptors involved in
flooded  soil-related  reduction,  iron  (Fe)  uniquely  satisfies  these
requirements[5,13].  Agricultural  soils  commonly  contain  approxi-
mately  2%–4% total  Fe  by weight,  predominantly  in  silicate  miner-
als  and  Fe  (hydr)oxides,  a  concentration  comparable  in  magnitude
to  soil  organic  matter  content[16,17].  Iron  (hydr)oxides  represent  a
major electron-accepting pool during soil  reduction,  and the trans-
formation  between  ferric  Fe(III)  and  ferrous  Fe(II)  constitutes  a  key
transition  within  paddy  redox  sequences[4,14,16,17].  Fe(III)  reduction

occurs  across  a  broad  range  of  environmentally  relevant  reducing
conditions  and  intersects  with  redox  transitions  involving
manganese and sulfur,  allowing Fe cycling to link multiple coupled
biogeochemical  processes  (Fig.  1a)[5,13,14].  Because  reactive  Fe(III)
minerals are abundant and often persist through seasonal flooding
cycles,  Fe(III)  reduction  can  represent  a  sustained  redox  window
rather  than  a  transient  transition  during  soil  reduction[12,18].  Criti-
cally, Fe transformation couples a large solid-phase reservoir with a
measurable  dissolved-phase  response,  providing  an  operational
signal  that  links  redox  processes  with  field-observable  chemical
changes[5].  Through  these  transformations,  Fe  cycling  influences
multiple  coupled  processes,  including  methane  production  and
emissions,  the  availability  of  nitrogen  (N)  and  phosphorus  (P),  and
the  mobility  of  redox-sensitive  metal(loid)s,  especially  arsenic  (As)
and cadmium (Cd) (Fig. 1b)[4,7,19−23].

In  paddy  ecosystems,  periodic  flooding–drainage  cycles  repeat-
edly drive Fe(III) reduction and Fe(II) oxidation, generating seasonal
changes  in  Fe  mineral  phases  and  dissolved  Fe  distributions
across  the  soil–water  interface  (SWI)  and  the  rhizosphere
(Fig.  1c–e)[5,18,20,24].  Such  demonstrations  suggest  that  the  transfor-
mation  of  Fe  may  provide  a  process  window  for  tracking  broader
redox  transitions[14].  During  reduction,  progressive  changes  in  Fe
mineral phases across the SWI reflect reductive dissolution, whereas
the intrusion of oxygen (O2) promotes Fe(II) oxidation and Fe plaque
formation  in  the  rhizosphere  (Fig.  1c, d).  Moreover,  depth-resolved
observations  of  the  distributions  of  dissolved  Fe  and  As  demon-
strate  pronounced  spatial  and  temporal  heterogeneity  associated
with Fe-mediated redox processes at the SWI (Fig. 1e)[18].

Characterizing these redox transitions in field environments relies
on a  range of  established approaches,  each with distinct  trade-offs
between  mechanistic  resolution,  analytical  complexity,  and  field
applicability (Fig. 2). These approaches include redox potential (Eh),
porewater  sampling  techniques  such  as  Rhizon  samplers[25],  high-
resolution  peepers  (HR-Peeper),  O2-free  microdialysis  profilers[26],
and diffusive gradients  in thin films (DGTs)[27,28],  as  well  as  comple-
mentary  analytical  platforms  including  electrochemical  sensing[29],
spectroscopy[30],  mass  spectrometry (MS),  and ion chromatography
(IC)  (Fig.  2).  Among  these  methods,  Eh  is  widely  applied  because
of  its  operational  simplicity,  but  it  is  not  process-specific
and  is  constrained  by  poor  reproducibility  and  qualitative
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interpretations[29,31].  Other  approaches  provide  quantitative
chemical information but are often restricted to particular species or
require  specialized  analytical  workflows.  Therefore,  obtaining  a
comprehensive  understanding  of  the  soil's  reduction  processes
frequently  requires  researchers  to  combine  multiple  techniques,
introducing substantial  operational  challenges for  routine monitor-
ing programs.

Several  Fe-based  indicators  have  demonstrated  that  Fe  transfor-
mation  can  visually  indicate  reducing  conditions  in  field  environ-
ments.  For  example,  the  Soil  Reduction  Indicator  (IRIS)  uses  plastic
plates coated with Fe paints to record the reduction process by the
degree of Fe (hydr)oxide removal (Fig. 2a bottom left)[6,9,15,32−34]; the
Fe/steel rod method uses changes in the (hydr)oxide film on the Fe

surface  to  reflect  long-term  exposure  to  reduction  (Fig.  2a bottom
left)[8,35].  These  methods  demonstrate  the  value  of  Fe  transforma-
tion as an indicator of soil reduction but primarily reflect changes in
solid-phase  Fe  materials;  these  methods  face  difficulties  in  redox-
relevant quantification and cannot directly provide dissolved-phase
signals  that  are  compatible  with  conventional  chemical
monitoring[2,15,21,22,36].  Recent  developments  in  low-disturbance
sampling,  including  temporally  and  spatially  resolved  microdialysis
profiling,  demonstrated  the  feasibility  of  tracking  the  dynamics  of
total  dissolved Fe (TDFe) and other redox-sensitive solutes simulta-
neously across incubation time and the SWI[18,26]. However, whether
TDFe pools can provide a stable and reproducible signal suitable for
season-scale redox monitoring remains unresolved.

 

Fig.  1  Iron  cycling  as  a  redox  hub  linking  greenhouse  gas  (GHG)  emissions,  nutrient  availability,  and  metal(loid)  dynamics  in  paddy  soils.  (a)
Thermodynamically constrained redox succession of major electron acceptors during soil-based reduction. (b) Iron cycling functions as a biogeochemical
control point regulating GHG emissions, nutrient transformations (e.g., N and P), and metal(loid) mobility, particularly As. (c) Progressive color transitions
across the soil–water interface (SWI) reflect Fe mineral transformation during reduction, whereas the rust-colored rhizosphere indicates the formation of
Fe  plaques  through  oxygen-mediated  oxidation  of  ferrous  Fe(II).  (d)  Photographs  illustrating  spatial  variations  in  iron-associated  color  development
across  the  SWI  and  the  rhizosphere.  (e)  Spatiotemporal  distributions  of  dissolved  Fe  and  As  at  the  SWI  during  flooding,  reconstructed  from  replicate-
averaged concentrations reported in a previous study (note that depth-resolved pH ranges from 3.42 to 6.07)[18].
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This  perspective  addresses  the  unresolved  challenge  of
translating Fe-mediated reduction into a practical, process-informed
monitoring  signal.  We  develop  an  Fe-centric  framework  in  which
TDFe  is  evaluated  as  a  potential  process  window  indicator  rather
than  as  a  universal  measure  of  soil  redox  status.  We  first  establish
the  chemical  basis  for  interpreting  acid-fixed  TDFe  under  circum-
neutral  paddy  conditions,  and  then  examine  its  value  relative  to
established  redox  and  Fe-speciation  approaches.  We  next  use
coupled  Fe–As  behavior  as  an  environmentally  relevant  line  of
evidence  for  evaluating  whether  TDFe  tracks  Fe-mediated  reduc-
tion,  before  defining  the  environmental  and  temporal  conditions
that  constrain  this  interpretation.  Finally,  we  consider  how
TDFe  trajectories  could  be  integrated  with  complementary
measurements  and  future  process-based  models  to  support  the

monitoring  and  management  of  redox-sensitive  environmental
processes.  This  framework  shifts  the  emphasis  from  identifying  a
single  universal  redox  indicator  toward  defining  when  a  measur-
able  chemical  signal  remains  mechanistically  interpretable  and
operationally useful.

 Key basis for the Fe-centric redox
framework

From  the  thermodynamic  and  biogeochemical  perspectives,  Fe(III)
reduction represents a critical transition and generally occurs after the
depletion  of  higher-energy  electron  acceptors  during  the
development  of  reducing  conditions  in  flooded  soils[11,12,37−40].

 

Fig. 2  Methods for tracking redox dynamics in paddy soils. (a) Overview of representative approaches, including porewater samplers (Rhizon, HR-Peeper,
and O2-free microdialysis profilers), DGT-based chemical imaging, direct sensors (oxidation–reduction potential [ORP or Eh] probes and planar optodes),
and Fe-based indicators (IRIS and Fe/steel rods). Chemical speciation from sampling-based approaches generally requires coupling with complementary
techniques (e.g.,  spectroscopy, IC,  or inductively coupled plasma – mass spectroscopy [ICP-MS]).  (b)  Comparison of the spatial  and temporal resolution
domains covered by different approaches. (c) Relative evaluation of analytical capabilities, including spatiotemporal resolution, speciation potential, field
deployability, and technical complexity. (d) Conceptual trade-off between process interpretation potential and field applicability.
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O2

However,  reactive  Fe(III)  reduction  in  flooded  soils  rarely  proceeds
through a strictly sequential pathway or results in complete depletion,
because  the  reaction  kinetics,  mineral  accessibility,  and  microscale
heterogeneity sustain overlapping redox processes across spatially and
temporally  heterogeneous  environments  (see  the  examples  of  rust
patches  and  concentration  hotspots  in Fig.  1d, e)[6,11,12,17,41].  This  fact
likely  puts  the  paddy's  biogeochemistry  into  the  window  between
Fe(III) reduction and Fe(II) oxidation processes. In particularly, the redox
potentials  of  the Fe(III)–Fe(II)  couple are positioned between those of
other  major  key  redox  couples  ranging  from  consumption  to
methanogenesis[13,14,42−45]. Consequently, Fe transformation influences
multiple  ecosystem  processes.  Iron  (hydr)oxides  serve  as  major
reservoirs  for  As  and  P,  and  their  reductive  dissolution  can  alter  the
mobility  and  bioavailability  of  these  elements[11,42−44,46].  Meanwhile,
Fe(III)  reduction influences  carbon cycling by competing with metha-
nogenesis for electron donors such as acetate and hydrogen, thereby
regulating  GHG  production  under  flooded  conditions[37−41,45,47].
Experiments  using  Fe-containing  amendments,  such  as  Fe  slag,  have
also  demonstrated  that  Fe  inputs  can  suppress  methane  and  nitrous
oxide emissions from paddy soils[44]. Importantly, the relevance of Fe as
a  redox  indicator  does  not  depend  on  the  complete  depletion  of
primary  Fe(III)  minerals.  In  natural  paddy  systems,  secondary  reactive
Fe(III)  phases  can  also  be  regenerated  through  repeated  flooding–
drainage  cycles[5,12].  This  persistence  allows  Fe  transformation  to
provide a recurring observation window for seasonal redox transitions
rather  than  representing  a  one-time  depletion  process.  This  principle
has  been  empirically  validated  by,  as  mentioned  earlier,  the  IRIS  and
Fe/steel  rod  methods  (Fig.  2)[6,9,15,32−35];  spatially  heterogeneous
patches are created on the Fe(III) films and the Fe rod's surfaces along
the SWI redox gradient.

 From mechanistic measurements to
operational redox indicators

Environmental  redox monitoring requires  a  balance between mecha-
nistic  resolution  and  operational  feasibility.  Indicators  that  directly
resolve  specific  redox  reactions  often  provide  strong  information  on
the  process  but  may  be  difficult  to  apply  consistently  across  field
settings, whereas integrative measurements improve comparability at
the  expense  of  process  specificity[20,48,49].  Conventional  approaches
therefore  differ  in  their  ability  to  translate  redox  processes  into
reproducible monitoring signals, depending on whether they capture
bulk  redox  conditions,  specific  Fe  transformations,  or  integrated
dissolved-phase responses (Fig. 2).

Oxidation–reduction potential probes for measuring Eh remain a
preferred  method,  and  these  provide  a  rapid  measurement  of
the  overall  tendency  of  a  submerged  system  toward  oxidation  or
reduction[31,50]. However, this integrative characteristic also limits its
process-informed  interpretations.  In  flooded  soils,  Eh  reads  repre-
sent  a  mixed potential  generated by multiple  redox couples  under
nonequilibrium conditions rather than the equilibrium potential of a
single reaction system[10,15,50,51]. In addition, measured Eh values are
strongly  influenced  by  the  electrode's  surface  conditions,  selection
of  the  reference  electrode,  equilibration  time,  and  measurement
procedures[50−53]. Differences among instruments and operators can
therefore  introduce  substantial  variability,  particularly  in  strongly
reducing  environments  where  stable  readings  may  require
prolonged equilibration periods[50,53,54].

Direct  measurements  of  Fe  speciation provide more direct  infor-
mation on Fe transformation than Eh measurements  because Fe(II)
and  Fe(III)  concentrations  and  their  ratios  provide  information  on

the  extent  of  Fe(III)  reduction[55].  They  remain  indispensable  for
mechanistic  studies  requiring  molecular-level  chemical  resolution,
including  reaction  mechanisms,  toxicity  pathways,  and  mineral
interactions[55,56].  However,  their  application  in  field  monitoring  is
constrained  by  the  instability  of  reduced  Fe(II)  species  during
sampling  and  preservation[57,58].  Dissolved  Fe(II)  can  be  rapidly
oxidized upon exposure to O2, and its oxidation kinetics are strongly
dependent  on  the  pH,  dissolved  oxygen  concentration,  and  ligand
conditions[58−61].  Under  oxygenated  conditions,  substantial  Fe(II)
transformation  may  occur  within  typical  sample  handling  periods,
causing  measured  Fe(II)/Fe(III)  ratios  to  partially  reflect  sampling
artifacts  rather  than in  situ conditions[59−62].  Although  anoxic
sampling  and  preservation  procedures  improve  reliability,  they
remain  difficult  to  implement  at  the  spatial  and  temporal  scales
required for routine field monitoring[57,63,64].

These  limitations  highlight  the  need  for  indicators  that  retain  a
mechanistic  linkage  with  Fe-mediated  reduction  while  providing
sufficient  reproducibility  for  field-scale  comparisons.  TDFe  repre-
sents one such operational approach because it integrates dissolved
Fe measurements without requiring the separation of individual Fe
species  during  routine  analysis.  Acid-preserved  TDFe  can  be  deter-
mined using established colorimetric or spectroscopic methods that
are routinely applied in soil and water analyses. Because TDFe inte-
grates dissolved Fe species after preservation, it may provide a more
reproducible  operational  signal  than  individually  resolved  Fe
species  when  routine  monitoring  prioritizes  comparability  across
samples  and  time  points[57].  High-resolution  investigations  have
shown that  total  elemental  pools  can display  greater  spatial  stabil-
ity than highly reactive or fractionated pools, supporting the use of
total  dissolved  concentrations  for  monitoring  applications  where
reproducibility  is  prioritized[65].  Accordingly,  TDFe  provides  a
process-oriented  indicator  that  complements  rather  than  replaces
Eh  and  Fe  speciation  approaches.  When  combined  with  comple-
mentary  process  measurements,  TDFe's  dynamics  can  provide
additional  context  for  interpreting  environmentally  relevant  redox
transformations[22,23,66,67].  The  chemical  basis  underlying  this  inter-
pretation and the environmental boundaries of TDFe's applicability
are discussed in the following section.

 Chemical basis and applicability
boundaries of TDFe as a redox indicator

Interpreting  TDFe  as  a  redox  indicator  requires  us  to  distinguish
between measuring a chemical pool and identifying a biogeochemical
process.  The  dissolved  Fe  concentration  alone  does  not  directly
represent soil  reduction because aqueous Fe is  regulated by multiple
coupled  processes,  including  Fe(III)  mineral  reduction,  dissolution,
retention,  precipitation,  and  reoxidation[4,13,68].  Therefore,  TDFe
becomes  informative  only  when  these  processes  remain  coupled
within  an  environmental  window  where  Fe  reduction  generates  a
measurable dissolved Fe response.

The  chemical  basis  of  this  interpretation  follows  from  the
contrasting  behavior  of  Fe(III)  and  Fe(II).  Agricultural  soils  contain
substantial  Fe(III)  reservoirs,  primarily  associated  with  Fe
(hydr)oxides, including ferrihydrite, goethite, and other poorly crys-
talline phases. Under circumneutral conditions, these Fe(III)-bearing
minerals  exhibit  low  solubility,  and  inorganic  dissolved  Fe(III)
concentrations  reach  a  minimum  near  pH  7–8,  with  reported
concentrations  approaching  approximately  0.01  nM  (Fig.  3)[69−71].
During  prolonged  flooding,  oxygen  and  other  high-potential
electron  acceptors  are  progressively  depleted,  promoting  the
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microbial  reduction  of  Fe(III)-bearing  minerals[37,72−74].  This  process
transfers Fe from relatively immobile solid-phase reservoirs into the
aqueous phase as Fe(II).  Because Fe(II)  is  substantially more soluble
than Fe(III) under reducing conditions, dissolved Fe can accumulate
when  Fe(II)  production  exceeds  its  removal  through  secondary
processes,  resulting  in  porewater  Fe  concentrations  ranging  from
tens  to  hundreds  of  micromolar  in  freshwater  paddy  soils[63,75]

(Fig. 3).
Consequently,  under  the  circumneutral  flooded  paddy  condi-

tions  considered  here,  increasing  TDFe  primarily  reflects  the
progressive mobilization of Fe from solid-phase Fe(III) reservoirs into
the dissolved Fe pool.  Importantly,  TDFe should not be interpreted
as  a  direct  measurement  of  the  intensity  of  reduction.  Instead,  it
represents the integrated chemical response produced by Fe reduc-
tion  and  subsequent  Fe(II)  accumulation  over  a  defined  temporal
window. High TDFe indicates that Fe reduction has proceeded suffi-
ciently for dissolved Fe to accumulate, but does not necessarily indi-
cate  that  the  entire  soil  is  more  strongly  reduced  than  a  soil  with
lower  TDFe.  Conversely,  low  TDFe  does  not  necessarily  indicate
oxidizing  conditions  because  dissolved  Fe  accumulation  may  be
limited  by  insufficient  reactive  Fe  supply,  rapid  Fe  removal,  or
competition  from  alternative  electron  acceptors.  Thus,  TDFe
provides  information  on  the  development  and  persistence  of  Fe-
mediated reduction rather than on a universal ranking of soil redox
strength.  However,  the  relationship  between  TDFe  accumulation
and  Fe  reduction  is  conditional  because  dissolved  Fe  concentra-
tions  are  controlled  by  concurrent  production  and  removal
processes. The environmental conditions defining this coupling and
the  resulting  applicability  domain  of  TDFe  are  discussed  in  the
following section.

 Coupled Fe and As redox behaviors
validate environmental relevance of the
TDFe indicator

Using TDFe as a process-window indicator can lead to environmentally
relevant  consequences.  Mobilization  of  As  provides  an  intricate
validation framework because the behavior of As in freshwater paddy
soils is strongly regulated by Fe's mineral dynamics, with Fe reduction
acting as the major driver of the release and redistribution of As[66,67,76].
In  flooded  paddy  soils,  As  is  strongly  associated  with  Fe(III)  mineral
surfaces  through  adsorption  and  co-precipitation  processes,
particularly  with  short-range-order  Fe  oxides  that  provide  abundant
reactive  surface  sites[42,76−78].  When  microbial  reduction  destabilizes
Fe(III)-bearing  minerals  during  prolonged  flooding,  previously
associated  As  can  be  released  into  the  porewater,  resulting  in  the
enhanced  mobility  and  bioavailability  of  As[21,22,66,79].  Field  incubation
studies  have  shown  that  dissolved  Fe  and  As  often  increase
concurrently  as  Eh  declines  toward  the  Fe-reduction  transition  zone,
with  both  elements  beginning  to  mobilize  at  around  approximately
+100  mV  under  relevant  conditions[75,80].  High-resolution  rhizosphere
measurements  also  demonstrated  that  Fe  and  As  fluxes  can  spatially
co-localize  in  the  rhizosphere,  supporting  their  mechanistic  linkage
during redox-driven mineral transformation[81].

However, the Fe–As coupling is not a simple, one-to-one relation-
ship.  Dissolved  As  concentrations  are  also  controlled  by  As  specia-
tion,  readsorption,  secondary  mineral  formation,  organic  matter
interactions,  and sulfide-driven transformations[22,78,79,82].  For exam-
ple,  secondary  Fe  mineral  formation  can  cause  partial  As  immobi-
lization  through  sulfide  precipitation,  whereas  thiolation  of  As  can
also  mobilize  As[22,82,83].  At  extreme  conditions,  the  dissolved  As
concentration cannot serve as a direct surrogate for the intensity of
Fe(III)  reduction  (see  the  further  discussions  in  the  following
section).  In  most  cases,  the  value  of  Fe–As  coupling lies  in  demon-
strating  its  environmental  relevance,  which  has  been  extensively
validated[67,22,84].  When  increasing  TDFe  coincides  with  increasing
dissolved As,  this  coordinated response indicates that Fe reduction
has  progressed sufficiently  to  produce  both  an  aqueous  Fe  signal
and  an  environmentally  meaningful  consequence.  In  this  context,
TDFe  identifies  the  Fe(III)-mediated  reduction  process,  whereas
As  provides  evidence  that  this  process  influences  contaminants'
mobility.

The  strength  of  the  Fe–As  coupling  remains  context-dependent.
In paddy soils, reductive Fe(III) dissolution and As mobilization often
form a connected process sequence, so that TDFe indicates a transi-
tion linked to contaminant release. In settings where sulfide control,
external  As  inputs,  or  extensive  secondary  mineral  stabilization
predominate,  this  relationship  weakens  and  additional  measure-
ments  are  required[79].  When  the  objectives  include  assessing  As
toxicity, plant uptake, or long-term transport, speciation of arsenite,
arsenate,  and  methylated  As  remains  essential  because  total
dissolved  As  concentrations  alone  do  not  resolve  these
pathways[4,85].

 Applicability domain of TDFe-based
redox monitoring

Defining  the  applicability  domain  is  essential  for  determining  when
TDFe  can  serve  as  a  meaningful  indicator  of  Fe-mediated  reduction.
We  applied  a  simplified  zero-dimensional  mass-balance  framework
inspired  by  early  diagenetic  modeling  approaches[74,86,87].  This

 

r ∈ [0.05, 1]

Fig. 3  Thermodynamic and kinetic basis for TDFe's accumulation under
flooded  paddy  conditions.  The  red  curve  represents  the  theoretical
upper  constraint  of  dissolved  inorganic  Fe(III)  concentrations  imposed
by  ferric  hydroxide's  solubility  across  pH  gradients  (calculated  from
cumulative  hydrolysis  equilibria).  The  blue  region  represents  the
expected  dissolved  Fe(II)  accumulation  range  under  reducing  paddy
conditions  based  on  reaction–transport  simulations  and  independent
field  observations,  assuming  typical  paddy  parameters  (reduction
intensity ,  sulfate  0–100 μM).  All  hydrolysis  constants  are
derived from Stefánsson[69]. The range of 30–300 μM fpr porewater Fe(II)
under  reducing  conditions  was  obtained  from  independent  field
observations by Weber et al.[75] and Roberts et al.[63].
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framework  is  not  intended  as  a  predictive  model  or  quantitative
calibration  tool,  but  rather  as  an  order-of-magnitude  analysis  to
illustrate  the  conditions  under  which  dissolved  Fe  accumulation
remains  coupled  with  Fe  reduction.  The  applicability  of  TDFe  there-
fore  depends  on  the  processes  controlling  Fe  dissolution  and
removal[66,22,88,89].

The TDFe framework is most applicable in freshwater paddy soils
where  three  conditions  are  simultaneously  satisfied:  (i)  sufficient
reactive  Fe(III)-bearing minerals  are  available  as  electron acceptors,
(ii)  prolonged  flooding  promotes  anaerobic  Fe  reduction,  and  (iii)
dissolved  Fe  accumulation  is  not  rapidly  offset  by  competing
removal processes (Fig. 4). Under these conditions, increases in TDFe
primarily  reflect  the  transformation  of  relatively  immobile  Fe(III)-
bearing solids into a more mobile dissolved Fe(II) pool, providing an
operational  window  for  tracking  Fe-mediated  reduction.  However,
this relationship is conditional because dissolved Fe concentrations
represent the net balance between Fe mobilization and subsequent
retention or removal processes.

Several  environmental  factors  can  weaken  this  relationship
(referred to as decoupling) and constrain the interpretation of TDFe.
First,  the  availability  and  mineralogical  characteristics  of  the  Fe
phases  determine  whether  microbial  Fe  reduction  can  generate  a
measurable  dissolved  Fe  response.  Soils  dominated  by  poorly
reducible  crystalline  Fe  minerals,  structurally  incorporated  Fe,  or
limited reactive Fe pools may undergo anaerobic Fe transformation
without  substantial  increases  in  TDFe[88,90].  In  such  systems,  low
TDFe  does  not  necessarily  indicate  weak  reducing  conditions  but
may  instead  reflect  limited  Fe  availability  or  restricted  Fe  mobiliza-
tion. Second, the chemical conditions controlling dissolved Fe reten-
tion  provide  another  major  constraint.  Strong  sulfide  production
can promote  the  formation of  Fe  sulfide  and reduce TDFe concen-
trations  despite  ongoing  Fe  reduction[91,92].  As  sulfate's  availability
increases,  sulfide  production  may  remove  Fe(II)  through  precipita-
tion  of  Fe  sulfide  faster  than  reductive  dissolution  can  replenish
dissolved  Fe,  resulting  in  declining  or  stabilized  TDFe  despite

increasingly reducing conditions (Fig. 4). This transition depends on
interacting  controls,  including  the  sulfate  supply,  organic  carbon
availability, the abundance of reactive Fe, and the sulfate reduction
kinetics[64,91,93].  However,  because  sulfate  availability  is  generally
limited in many freshwater paddy systems, and because alternative
electron  acceptors  may  delay  the  progression  of  sulfate  reduction
pathways, sulfide-induced decoupling is often constrained and may
primarily  attenuate  rather  than  completely  reverse  the  TDFe
response[37,82,94].

Other  geochemical  conditions  may  also  modify  the  relationship
between TDFe and Fe reduction.  For example,  strongly acidic envi-
ronments  can  increase  ferric  mineral  dissolution  and  weaken  the
assumption that the accumulation of dissolved Fe primarily reflects
reductive  Fe  mobilization  (Fig.  3)[68,95,96].  Conversely,  ligand-rich
environments  may  enhance  dissolved  Fe  concentrations  through
complexation  processes  that  are  independent  of  Fe  reduction
intensity[68,95].  These  conditions  illustrate  that  TDFe  should  be
interpreted  as  a  process-linked  indicator  only  when  Fe  reduction
remains the dominant control on the accumulation of dissolved Fe.

Hydrological transitions further define the temporal resolution at
which TDFe can be meaningfully  interpreted.  Because dissolved Fe
integrates  mineral  dissolution,  microbial  reduction,  and  secondary
transformation  processes,  TDFe  represents  a  process  trajectory
rather than an instantaneous redox state. During flooding–drainage
transitions, dissolved Fe concentrations may lag behind the underly-
ing  redox  changes  because  Fe  oxidation,  mineral  transformation,
and renewed dissolution are not instantaneous processes[59,22]. Such
hysteresis  limits  the  interpretation  of  TDFe  as  a  direct  indicator  of
short-term redox fluctuations but does not prevent its use for track-
ing broader seasonal reduction trajectories.

Spatial  and  temporal  scales  represent  additional  constraints  on
the  interpretation  of  TDFe.  Paddy  soils  contain  strong  microscale
gradients of  oxygen availability,  microbial  activity,  mineral  distribu-
tion,  and  elemental  fluxes  at  the  SWI  and  in  the
rhizosphere[74,86,87,97−99].  Because  TDFe  integrates  dissolved  Fe
responses  over  broader  spatial  and  temporal  scales,  it  cannot
resolve  microscale  variations  in  mineral  phases,  reactive  Fe  pools,
or  chemical  speciation[65,74,86,87,97].  High-resolution  approaches,
including  low-disturbance  stratified  sampling  and  microdialysis-
based  profiling,  therefore  remain  essential  for  resolving  fine-scale
dissolved  solute  dynamics  and  mechanistic  processes[26,84,100].  In
addition,  conventional  filtration  may  retain  or  include  colloidal  Fe-
bearing phases, meaning that operationally defined TDFe should be
interpreted as a reproducible dissolved-phase signal rather than an
absolute measure of all aqueous forms of Fe[64,82,92,93,101].  Therefore,
TDFe  is  most  appropriately  interpreted  as  a  seasonal  or  manage-
ment-scale  indicator  of  Fe-mediated  reduction  trajectories  rather
than as an instantaneous measure of microscale redox fluctuations.

 Conclusion and outlook

The  central  contribution  of  this  Perspective  is  the  recognition  that
TDFe can serve as a process-window indicator within explicitly defined
environmental  boundaries.  By  integrating  the  transformation  of  Fe
minerals,  electron  transfer  processes,  and  measurements  of  the
dissolved  phase,  TDFe  provides  an  operational  approach  for  tracking
the  progress  of  Fe-mediated  reduction  in  freshwater  paddy  soils
while  avoiding  several  limitations.  Within  this  framework,  TDFe
measurements  bridge mechanistic  understanding and environmental
management.  Temporal  TDFe  trajectories  can  complement  targeted
measurements  of  methane  emissions,  As  behavior,  and  nutrient

 

Fig.  4  Conceptual  applicability  domain  of  TDFe  as  a  process-window
indicator  of  Fe  reduction,  shown  as  a  reaction–transport-based
evaluation  of  TDFe–reduction  coupling  across  sulfate  reduction
potential  and  pH  gradients.  Blue  regions  represent  conditions  where
dissolved Fe provides a monotonic and sensitive signal of Fe reduction,
whereas  orange  regions  indicate  decoupling  caused  by  competing  Fe
sequestration  or  limited  accumulation  of  dissolved  Fe.  The  transition
zone  is  conditional  on  reactive  Fe's  availability,  the  organic  carbon
supply, and the sulfate reduction kinetics rather than being defined by a
universal threshold.
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dynamics  by  identifying  periods  when  Fe-mediated  processes  are
likely  to  influence  carbon,  contaminant,  and  nutrient  cycling.  Rather
than  replacing  detailed  chemical  analyses,  TDFe  provides  a  scalable
monitoring  signal  that  can  guide  when  and  where  higher-resolution
measurements are most informative.

A  major  future  direction  is  to  move  from  interpreting  TDFe  as  a
descriptive  indicator  toward  integrating  TDFe  trajectories  into
process-based  predictive  frameworks  (Fig.  5).  Coupling  TDFe
dynamics  with  carbon  turnover,  contaminant  transport,  and  nutri-
ent cycling models may transform dissolved Fe measurements into
decision-support variables for adaptive water and fertilizer manage-
ment.  For  instance,  existing  bottom-up  approaches  for  estimating
global  methane  emissions  that  emphasize  carbon  availability  and
environmental  drivers  often  overlook  the  role  of  alternative  elec-
tron  acceptors,  such  as  Fe(III),  in  controlling  methanogenesis  and
emission  dynamics[102].  A  model  that  describes  the  relationship
between  porewater  TDFe  and  methane  emissions  would  provide
an  alternative  approach  for  estimating  methane  emissions.  Such

developments  require  calibration  across  diverse  soil  types  and
hydrological regimes, together with an explicit consideration of the
applicability boundaries identified in this perspective.

More  broadly,  this  perspective  highlights  a  shift  from  searching
for  universal  redox  indicators  toward  selecting  process-linked  indi-
cators  with  defined  domains  of  validity.  The  value  of  an  environ-
mental indicator lies not only in the magnitude of its signal but also
in  understanding  the  processes  that  generate  that  signal  and  the
conditions  under  which  it  remains  interpretable.  Establishing  such
process-based  frameworks  will  improve  the  transferability,  repro-
ducibility,  and  management  relevance  of  redox  monitoring  across
complex soil and aquatic environments.
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Fig.  5  From  TDFe  monitoring  to  process-informed  environmental  management  in  flooded  soils.  A  prospective  framework  in  which  TDFe  serves  as  a
process variable rather than an endpoint measurement. A temporally resolved TDFe trajectory is interpreted to identify the distinct phases of Fe-mediated
reduction dynamics, including increased accumulation of dissolved Fe, constrained Fe mobilization or sulfide-related attenuation, and oxidative recovery
(Layer 1). These trajectories can inform coupled process models describing methane emissions, mobilization of As, and nutrient (e.g., N and P) dynamics
(Layer  2),  enabling  trajectory-based  early  warning  frameworks  to  support  adaptive  water  and  fertilizer  management  (Layer  3).  The  ultimate  goal  is  to
integrate redox process monitoring with climate mitigation, food safety, and nutrient use efficiency objectives (Layer 4). Solid outlines denote concepts
established in this Perspective; dashed outlines indicate prospective developments. All trajectories are schematic.
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