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GRAPHICAL ABSTRACT
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PUBLIC SUMMARY
■   Iron biofilms, iridescent or rust-stained, are widely observed in shallow water systems.

■   Iron biofilms at wetland water-air interfaces can reduce methane emissions by up to 6.9-fold.

■   We challenge the long-held idea that methane oxidation occurs mainly at the sediment-water interface.

■   Iron biofilms are long-lasting, sustaining their methane-barrier function over time

■   This process offers a nature-based solution for controlling methane emissions in wetlands.
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Wetland methane emissions are primarily mitigated by microbial oxidation
at  the  sediment-water  interface  (SWI).  Yet,  this  paradigm  fails  to  explain
persistent  methane  oversaturation  in  surface  waters  and  lower-than-
expected emissions. Here,  we demonstrate an overlooked methane barrier
formed  at  water–air  interfaces  (WAI)  by  self-organized  iron  biofilms.
Organic  matter  inputs  destabilize  the  SWI,  enabling  ferrous iron  to  diffuse
upward  and  become  oxidized,  resulting  in  the  formation  of  iron  biofilms
ranging  in  thicknesses  from  nanometers  to  centimeters  at  the  WAI.  This
iron  film  barrier  reduces  methane  emissions  by  2.4- to  6.9-fold  through
physical entrapment and microbial oxidation (e.g., pmoA gene abundance:
2.1×108 copies  m−2),  involving  communities  dominated  by  aerobic  and
facultative  heterotrophs,  as  well  as  nitrate- and  sulfur-respiring  taxa.  The
dual  methane-barrier  paradigm  explains  emission  paradoxes  in  straw-
amended environments.  This  mechanism,  absent  from  the  Intergovern-
mental  Panel  on  Climate  Change  models,  could  revise  global  methane
budget  estimates  and  guide  nature-based  solutions  to  mitigate  wetland
methane emissions.

 INTRODUCTION
Wetlands are unique ecosystems characterized by frequent or continuous

flooding,  or  near-surface  water  saturation.1 Wetlands  contribute  30–40%  of
global methane, a potent greenhouse gas for global warming.2 For rice fields
alone, there is about 29 Tg yr−1 emission budget.2 Despite their climate signif-
icance,  wetland  methane  fluxes  remain  poorly  constrained  in  statistical
models,1,3,4 largely  due  to  unresolved  methane  consumption  and  exchange
processes  at  two  critical  interfaces:  the  sediment/soil-water  interface  (SWI)
and the water-air interface (WAI).4-10

Microbes at the SWI can oxidize 40–100% of methane,1,3,9-13 thereby form-
ing a natural methane ‘barrier’. This activity is driven by respiratory processes
that  use  oxygen,14 nitrate15,  iron,13,16-19 and  sulfate15,20 as  terminal  electron
acceptors.  However,  the  SWI  methane-barrier  can  collapse  under  high
organic  matter  (OM)  conditions,  such  as  eutrophic  lakes21,22 or  rice  paddies
with  straw incorporation,23 allowing methane to  leak into surface waters.15,19

Paradoxically,  these  methane-rich  lake  waters  often  emit  far  less  methane
than  predicted,8,24-26 and  emissions  from  straw-amended  rice  fields  also
plateau beyond ~6.4 tons ha−1.27 These discrepancies suggest unrecognized
methane sinks at critical interfaces.

Iron  biogeochemistry  may  resolve  this  paradox,  especially  in  freshwater
environments.13,17,18,28 While  iron-mediated methane oxidation is  well-studied
at  the  SWI,20,22 high  OM  inputs  redistribute  the  redox  interface  to  the  WAI,29

where  ferrous  ions  oxidize  into  films  or  flocs.30-33 These  films,  commonly
observed  in  shallow  wetlands,30,34-36 could  act  as  secondary  methane-barri-
ers.  Yet,  no studies have quantified their  methane-barrier capacity or  identi-
fied  the  microbial  communities  responsible  for  this  process,  despite  their
widespread occurrence and ecological importance.

In this study, we challenge the SWI methane-barrier paradigm by propos-
ing a dual methane-barrier hypothesis: iron films at the WAI compensate for
SWI failure in high-OM wetlands. Using a novel protocol to generate iron films
from  soils/sediments,  we  integrate  methane  flux/solubility  measurements,
geochemical  analyses,  and  microbial  genomics  to  test  the  proposed  dual
methane-barrier paradigm.

 MATERIALS AND METHODS
 Sediments and soils

A total of 30 sediment and paddy soil samples were collected from differ-
ent regions of China, including one lake sediment, one coastal sediment, and
28  paddy  samples  (Figure  1A).  The  samples  were  wet  sieved  through  a
2-mm  mesh  to  remove  debris,  then  stored  in  sealed  plastic  containers
submerged  under  a  5–15  cm  water  column.  Each  container  contained  at
least 10 kg of soil/sediment sample. During preservation, 0.2 g sediment/soil
paste  was  sampled,  dried  and  extracted  by  6  M  hydrochloric  acid  (HCl)  for
iron  content  analysis  by  inductively  coupled  plasma  mass  spectrometry
(ICP–MS, Perkins 350A). Soil  paste pH was measured directly using a glass
pH electrode. Soil  OM was measured by loss-on-ignition.  Initial  iron content
ranged from 0.1 g kg−1 in coastal sediment to 88 g kg−1 in paddy soil, with an
average of 21.5 ± 16.1 g kg−1.  Soil  OM content averaged 2.4 ± 0.6%, ranging
from 0.9% to 3.9%, while pH values varied between 5.5 and 7.9 (mean: 6.5 ±
0.6). More details on soil properties are included in Table S1.

 Experimental design
A series of distinctive experiments were conducted in diverse sedimentary

environments.  The experimental  design  is  summarized in Figure  S1.  Unless
otherwise  specified,  all  experiments  were  conducted  in  custom-made  PVC
(polyvinyl  chloride) pots (10 cm × 10 cm × 15 cm) under flooded conditions
with  a  5  cm  water  layer  at  25  °C.  Methane  fluxes  were  measured  using
chamber-based  methods,  and  samples  (e.g.,  floating  iron  films,  water,  and
surface  sediments/soils)  were  collected  for  DNA  extraction, pmoA gene
quantification, and  chemical  characterization.  Key  aspects  of  the  experi-
ments are described in later sections.

 Chamber-based methane flux measurement
Methane fluxes were measured using a chamber-based method with a LI-

COR  methane  analyzer  (LI-7810,  LI-COR  Biosciences)  used  for  determining
the  slope  of  methane  concentrations.37 Methane  flux  was  calculated  based
on the initial rate of change i.e., slope in methane concentration (∂C/∂t) using
the following equation:

JCH4 =
∂CCH4

∂ t
× V
A
× P(1−W0)

RT
,

JCH4 V
P W0

R
A T

∂CCH4

∂ t

where is  methane  flux  expressed  as  μmol  m−2 s−1.  is  the  chamber
volume (0.002550 m3),  is the atmospheric pressure (101.3 kPa),  is the
initial  water  vapor  mole  fraction,  is  the  gas  constant  (0.008134 m3 kPa
mol−1 K−1),  is the soil area (0.0007065 m2),  is the soil temperature (K) at a

5cm depth,  is the mole fraction of methane in μmol mol−1 over time (s).

 Methane dissolution
Dissolved  methane  concentrations  in  water  or  gaseous  methane  in

bubbles were measured using a headspace equilibration technique.38 In  this
method, water samples were placed in sealed vials, allowing methane in the
water to equilibrate with a nitrogen headspace above the water. The samples
were equilibrated for 30 minutes at 25°C. The methane concentration in the
headspace  was  then  quantified  using  Agilent  7890B  GC  equipped  with  a
flame ionization detector. Calibration was performed using certified methane
standards (0–40.7 μmol L−1).
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 Diffusive methane flux calculation
Diffusive methane flux was calculated using Fick's law38 as follows:

JCH4 = K(Cw−Ca) ,

JCH4 K
Cw

Ca

Ca

where  is  the  measured  methane  flux  in  μmol  m−2 s−1,  is  the  mass-
transfer coefficient (1.7 cm h−1 at  zero-to-low wind speed condition38),  is
the measured concentration of dissolved methane in the water (mol m−3), 
is the  calculated  concentration  of  methane  in  equilibrium  with  the  atmo-
spheric gas concentration.  is calculated as:

Ca = Ppβ,

Pp β
β

where  was  the  measured  atmospheric  concentration  of  CH4 (atm).  is
the  Bunsen  solubility  coefficient  mL  (L  atm)−1.  At  1  atm  and  24°C，  =
0.03211 mL L−1 atm−1.

 In-situ methane flux measurement
In-situ methane  concentrations  were  measured  using  the  LI-COR  gas

analyzer.  To  expose  areas  without  iron  films,  a  small  drop  of  water  was
applied  to  disrupt  the  iron  film  on  the  sediment  surface,  creating  exposed
patches.  After  allowing  5–10  min  for  stabilization,  the  gas  analyzer  intake
was  positioned  in  an  ambient  environment  to  measure  the  background
methane levels. The intake was then placed 2 mm above the exposed patch,
with  the  exhaust  positioned  downstream  to  minimize  interference  with
methane emissions. Continuous measurements were recorded for at least 30
s,  followed  by  a  second  background  methane  concentration  reading  after
moving  the  intake  back  to  the  ambient  environment.  This  process  was
repeated  2–3  times  at  randomly  selected  locations  near  the  disrupted  iron
film.

 Iridescent iron films formation and methane-barrier function
We  assume  that  OM  inputs  drive  the  formation  of  iridescent  iron  film  in

fields.  To  test  this  hypothesis,  sediment  and  soil  samples  (n  =  30)  were
homogenized and incubated under flooded conditions at  25°C.  To stimulate

microbial  activity,  glucose  (0.5%  wet  weight)
was  added  into  50  mL  falcon  tubes.  Iridescent
or  rusty-colored  iron  films  developed  within
several  days  and  weeks.  Methane  fluxes  and
dissolved  methane  concentrations  beneath  the
films  were  measured  over  time.  For  methane
flux measurements  during  early  bubble  forma-
tion,  where  large  bubbles  accumulated  on  the
water  surface,  but  no  visible  iron  films  were
present,  these  measurements  were  excluded
from  the  final  analysis.  This  absence  of  films
reflects  initial  microbial  fermentation,  which
rapidly  produces  volatile  organic  compounds
and precedes iron reduction and methanogene-
sis.

 Effect of continuous iron film removal
While  comparing  methane  fluxes  with  and

without  iron  films  at  a  single  time  point  is
straightforward,  such  comparisons  cannot
capture the  cumulative  barrier  effect  through-
out an entire OM-stimulated methane emission
peak. To address this limitation, we conducted a
short-term  (14-day)  experiment  using  paddy

soil from the ZJ_SY site, China (Figure 1A), to examine the impact of continu-
ous iron film removal on methane emissions. The soil was passed through a
2-mm  sieve,  homogenized  manually,  and  adjusted  to  ~35%  moisture
content.  Air-dried  old  rice  straw  (equivalent  to  8  t  ha−1)  was  crushed  by
blenders and mixed with 300 g of moist soil. Daily iron film removal began on
Day 3, and methane fluxes were measured daily throughout the experiment.
In  addition,  due  to  the  reduced  yield  of  iron  films  caused  by  daily  removal,
samples from different pots were pooled into a single composite sample for
DNA extraction.

 Temporal methane-barrier dynamics
In  contrast,  a  longer-term  (49-day)  experiment  using  lake  sediment  from

the JS_DSH site (China, Figure 1A) was designed to investigate the durability
and  temporal  evolution  of  the  methane-barrier  function  of  intact  iron  films
under  limited  disturbance.  Here,  iron  films  were  left  largely  undisturbed,
except for deliberate disruptions on Day 7 (partial) and Day 49 (complete), to
assess barrier  persistence  and  functional  recovery.  Methane  flux  measure-
ments  started  1.5  hours  after  glucose  amendment,  with  high-frequency
sampling  during  the  first  5  days.  Water  samples  (0.5  mL)  were  collected
beneath  iron  films on  Days  3  and 49  for  determining  methane dissolutions.
On  Day  7, in-situ methane  flux  were  measured  above  both  intact  iron  films
and  adjacent  disturbed  areas  (~2  mm  diameter)  by  water  droplet  to  show
real-time flux differences between these conditions. Methane bubbles formed
at  the  WAI  were  sampled  on  Day  49  using  a  gas-tight  syringe  (0.5  mL  per
sample) for gas concentration analysis.

 Methane emission in response to fresh straw incorporation
A  7-day  incubation  examined  the  methane-barrier  effect  under  fresh  rice

straw  incorporation  in  three  paddy  soils  (GD_QY,  HB_ES,  JS_YCH)  and  one
coastal sediment (ZJ_ZS, Figure 1A). Fresh rice straw (8 t ha−1) was cut into
0.5 cm strips and incorporated into 600 g of air-dried soil  or 0.001 m3 sedi-
ment sludge in  four  replicates per  soil  type.  Methane fluxes were measured
daily, and comparative flux measurements were conducted with and without
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Figure 1.  Iron  film  formation  and  their  methane-
barrier effect across diverse soils and sediments in
China (A)  Map  of  the  30  soils  and  sediments  used
for  iron  film  cultivation.  (B)  Representative  images
showing  the  formation  and  structural  features  of
iridescent  iron  films.  (C)  Comparison  of  measured
diffusive  methane  fluxes  above  the  water  surface
and  those  calculated  using  Fick’s  law  (dashed  line
indicates 1:1 ratio).
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floating  iron  films.  Samples  were  collected  for  microbial  and  geochemical
analyses.  These  samples  were  taken  from  each  pot  for  all  four  replicates,
resulting  in  a  total  of  16  samples  per  sample  type  (film,  water,  and
sediment/soil) across the experiment.

 Greenhouse study with postharvest straw incorporation
To investigate whether methane emissions under varying straw incorpora-

tion  rates  are  associated  with  the  production  of  iron  films,  we  conducted  a
greenhouse experiment using the JS_YCH paddy soil. Following rice harvest,
5 cm of stubble was retained, and straw was returned directly to each pot to
simulate typical field straw-returning practices. Postharvest straw incorpora-
tion  rates  were  set  at  0,  2,  4,  8  and  12  t  ha−1,  representing  scenarios  of  no
straw return (0 t ha−1), partial returning (2 and 4 t ha−1), full returning (8 t ha−1;
all straw returned to the pot from which it was harvested), and excess return-
ing (12  t ha−1).  Continuous flooding was maintained with around 5cm water
depth throughout the experiment,  and methane fluxes were measured daily.
In  addition  to  floating  iron  films,  abundant  iron  flocs  were  observed  in  the
overlying water. On Day 7, iron film, water, and surface soil samples from the
8  t ha−1 treatment  were  collected  for  microbial  analysis,  with  two  replicates
per sample type.

 Soil DNA extraction, qPCR and sequencing
Floating iron films (0.4-0.5 g wet weight),  water beneath films (5 mL) and

surface soil samples (~0.5 g wet weight) were collected from three environ-
ments:  rice  paddies,  lakes,  and  coastal  systems.  Samples  were  collected
using glass coverslips (22 mm × 22 mm) or  5 mL syringes.  Total  DNA was
extracted using the DNeasy PowerSoil  Kit  (QIAGEN) following the manufac-
turer’s  protocols.  Bacterial  16S  rRNA  (V4  region)  was  amplified  by  qPCR
using the primer set 515F/806R. Sequencing was performed on the Illumina
Nextseq2000  platform  (Majorbio,  Shanghai,  China)  using  a  paired-end  2  ×
300 bp configuration.

 Amplification of pmoA gene
The  particulate  CH4 monooxygenase  gene  (pmoA)  was  amplified  using

primers A189F (5’-GGNGACTGGGACTTCTGG-3’) and mb661r (5’- CCGGMG-
CAACGTCYTTACC-3’). The pmoA gene copy number was quantified by qPCR
on  the  Light  Cycler  480  II  (Roche,  Switzerland).  Reaction  mixtures  were
prepared  with  SYBR  Green  Master  Mix  (Thermo  Fisher),  primers,  and
template DNA in total  volume of 20 µL. Thermal cycling conditions included
an  initial  denaturation  step  at  94°C  for  2  minutes,  followed  by  42  cycles  of
denaturation at 94°C for 45 seconds, annealing at 53°C for 45 seconds, and
extension  at  72°C  for  45  seconds.  A  melt  curve  analysis  was  performed  to
confirm  amplification  specificity.  Quantification  was  based  on  standard
curves generated from serial dilutions of a cloned pmoA amplicon.

 Microbial community analysis
Raw sequences were processed using QIIME 1.9.1 and the Uparse pipeline

(v7.0.1090).  Non-redundant  sequences  were  extracted,  chimeras  removed,
and OTUs clustered at 97% similarity. Representative sequences were classi-
fied taxonomically using the RDP Classifier (Release 11.5) at 70% confidence
threshold,  aligned  against  the  SILVA  database  (Release  138).  Sequences
were  mapped  to  representatives  at  ≥97%  similarity  to  construct  the  OTU
table, and chloroplast sequences were manually removed. To ensure uniform
sampling depth for downstream analysis, all samples were rarefied to 50,000
sequences using  random subsampling.  For  taxonomic  profiling,  sequencing
data  were  processed  for  taxonomic  annotation  and  analyzed  for  functional
potential using the Functional Annotation of Prokaryotic Taxa (FAPROTAX, v.
1.2.1) database. In addition, alpha diversity metrics (e.g., Shannon and Chao1
index) were calculated to assess within-sample community differences.

 Chemical and XRD, SEM, XPS, and fluorescence microscope characteri-
zation

In  prior  iron biofilm sampling for  DNA extractions,  floating iron films were
collected from the water surface using glass slides to preserve the integrity of
film structure.  Approximately 0.2 g (wet weight)  of  iron films were collected,
freeze-dried, and weighed. Dried samples were dissolved in 0.43 M nitric acid
with ultrasonic agitation for  30 minutes.  The solution was filtered through a

0.22  µm  membrane  to  remove  particulates  and  diluted 1000-fold.  Iron
concentrations were quantified using inductively coupled plasma mass spec-
trometry (ICP-MS, PerkinElmer Model 350).

Replicated slide  samples  were  subjected to  XRD analysis  on a  Bruker  D8
Advance  diffractometer  with  Cu  Kα  radiation  (λ  = 1.5406 Å).  Diffraction
patterns were recorded from 5° to 80° 2θ at a step size of 0.02° and a dwell
time  of  1  second  per  step,  with  phases  identified  using  the  ICDD database.
For  morphological  analysis,  the  dried  films  were  coated  with  a  10-nm  gold
layer  and  imaged  with  a  JEOL JSM-7610F SEM at  5  kV.  Surface  chemistry
was  examined  by  X-ray  photoelectron  spectroscopy  (XPS)  using  a  Thermo
Scientific  K-Alpha system with an Al  Kα source,  focusing on high-resolution
spectra  for  Fe2p,  O1s,  and  C1s  regions.  Binding  energies  were  calibrated
using the C1s peak at 284.8 eV. Optical microscopy imaging was performed
using a Keyence BZ-X810 microscope for bright-field and dark-field fluores-
cence imaging. Fluorescence excitation utilized LED light sources at 405 nm,
488  nm,  and  561  nm.  All  images  were  acquired  via  Z-sectioning  at  auto-
adjusted  intervals.  Image  stacks  and  merged  fluorescence  signals  were
processed using the BZ-X800 Image Converter software.

 Statistical analysis
Downstream  statistical  analysis  and  data  visualization  were  performed

using  Python  3.10.  Data  were  visualized  using  the  matplotlib  (3.7.1)  and
seaborn  (0.12.2)  packages,  while  statistical  analyses  were  conducted  using
scipy (1.10.1). Geographical maps were generated using the Cartopy (0.21.1)
library. Microbial functional predictions were performed using the FAPROTAX
(1.2.1)  package.  To  compare  methane fluxes, pmoA gene  expression  levels,
and microbial diversity indices between groups, Welch’s t-test was employed
for pairwise comparisons to account for unequal variances. ANOVA followed
by  post-hoc  Tukey’s  HSD  tests  were  used  for  multiple  comparisons  when
data met  normality  and  homoscedasticity  assumptions.  Statistical  signifi-
cance  was  determined  at p <  0.05  for  all  tests.  Non-linear  relationships
between  methane  fluxes  (JCH4)  and pmoA gene  abundance  were  modeled
using  a  Generalized  Additive  Model  (GAM)  with  a  penalized  spline  term (via
the pyGAM package, version 0.8.0). The GAM framework allows flexible, data-
driven  fitting  of  non-linear  trends  without  assuming  a  predefined  functional
form. A univariate GAM with a cubic spline basis (s(0)) was fitted to capture
the  relationship  between  log10-transformed pmoA gene  abundance  and
log10-transformed methane fluxes. Model predictions were visualized along-
side raw data to illustrate trends. A parabolic fit was also applied in selected
visualizations  to  highlight  curvature  in  the  correlation.  All  data  points  were
included in statistical analyses and visualizations.

 RESULTS
 Organic matter (OM) drives the formation of floating iron film

We demonstrated that OM mediates the formation of iridescent iron films
across diverse sediments and soils  (Figures 1A–B).  Floating iron films were
generated by adding 0.5% glucose to flooded soils or sediments, stimulating
iron reduction and upward diffusion under controlled conditions. Despite wide
geochemical  variability  among  samples  (iron:  0.1–88  g  kg−1;  OM:  0.9–3.9%;
pH:  5.5–7.9),  iridescent  films  exhibiting  structural  color  consistently  formed
within  3–14  days,  consistent  with  prior  findings  that  identifying  fresh  OM
input  and  flooding  as  critical  drivers.30 However,  without  new  stimulation,
floating  iron  films  continued  thickening  (Figures  S2–S3)  but  eventually
decayed and settled onto the sediment surface within months.

After removing initial surface debris, we recovered smooth, mirror-like films
that  retained their  metallic  luster  after  air- or  freeze-drying (Figure S3).  This
novel  coverslip-sampling  technique,  previously  unreported,30 enabled
systematic  characterization  of  film  properties.  Elemental  analysis  showed
that the films contained ~40% iron, while the overlying water held 4.2 mg L−1

of  dissolved  iron,  consistent  with  iron-carbon dominance  reported  in  previ-
ous observations.34,35

 Model–measurement discrepancies in methane fluxes
The methane-barrier  effect  is  widely supported by discrepancies between

calculated  and  measured  methane  fluxes  in  21  diverse  sediment  and  soil
incubations  across  China.  Diffusive  methane  fluxes  calculated  using  Fick’s
law and dissolved  methane  concentrations,  were  much higher  (mean =  1.7,
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range: 0.0058–39  μmol  m−2 s−1,  n  =  85)  than  the  actual  measured  fluxes
(mean = 0.61,  range: -0.0039–11 μmol m−2 s−1)  (Figure 1C). Similar discrep-
ancies  have  been  observed  in  Florida  swamps,38 where  insoluble  organic
surface films likely suppress gas exchange.38-40

 Methane barrier effect
The  methane-barrier role  of  floating  iron  films  was  experimentally  vali-

dated  by  comparing  methane  fluxes  in  the  presence  and  absence  of  the
films.  For in-situ measurements,  iron  films  were  locally  disturbed  using  a
water  droplet,  while  for  chamber-based  measurements,  the  films  were
completely  removed.  As  shown  in Figures  2A-B,  diffusive  methane  fluxes
above  exposed  patches  were  significantly  higher,  with  fluxes  averaging  2.4
times  those  observed  with  intact  films  from  lake  and  coastal  sediments.
When  iron  films  were  manually  removed,  methane  fluxes  increased  by  4.5-
fold  in  lake  sediments,  6.9-fold  in  coastal  sediments,  and  2.6-fold  in  paddy
soils  (Figures  2A-C).  Additionally,  continuous removal  of  the  films over  a  7-
day period caused a sharp increase in methane fluxes from 2 to 13 μmol m−2

s−1, further confirming their barrier function (Figure 2C).

 Effect duration
Iron  films  are  durable  with  long-lasting  methane-barrier  capacity.  As

shown in Figure 2D, methane fluxes declined sharply from 0.88 to 0.11 μmol
m−2 s−1 and  remained  low  over  49  days.  Meanwhile,  dissolved  methane
concentrations  beneath  the  films  remained  highly  supersaturated  (up  to
3.01×108%,  far  exceeding  typical  surface  water  level  of  0.01–10  µmol  L−1 in
freshwater  marshes).  During  this  period,  iron  film  thickened  and  physically
trapped  gas  bubbles  for  weeks  (Figure  2E).  Methane  concentrations  within
these  bubbles  reached  21.9%  (v/v,  n  =  4),  while  dissolved  methane  in  the
underlying water ranged1.7–8.2 mmol L−1. In contrast, the methane concen-
tration just  2  mm above the bubble  surface was only  49.3  μmol  L−1 (n  =  4),
suggesting  a  steep  methane  gradient  across  the  iron-rich  bubble  film  that
effectively constrained methane exchanges.

 Nonlinear  microbial  regulation  of  methane
fluxes

The  methane-barrier  effect  is  supported  by
methanotrophic  communities  selectively
enriched in  iron  films  across  diverse  environ-
ments  (Figure  3).  The pmoA gene,  encoding
methane  monooxygenase  enzyme,  was
amplificated from iron film, overlying water, and
sediment/soil samples. Notably, pmoA amplifi-
cation  in  water  was  only  detected  in  samples
containing  abundant  iron  flocs  (JS_YCH  soil,
Figures 3A–D).

Specifically, the pmoA gene copy numbers in
iron  films  reached  2.1×108 copies  m−2,  slightly
lower  than  those  in  the  surface  sediment  (p =

0.016, Figure  3B).  This  supports  the  dual-barrier hypothesis.  In  lake  sedi-
ments,  methane  fluxes  were  negatively  correlated  with pmoA gene  copies
(R2 = 0.69, p = 0.0009, n = 12, Figure 3C).

Across  more  diverse  environments  including  costal  sediments  and  four
paddy soils, GAM revealed a nonlinear relationship between instant methane
flux and pmoA gene copies (Figures 3D–E). Specifically, a positive correlation
was  observed  at  low  methane  flux,  followed  by  a  negative  trend  at  higher
pmoA  gene  copy  numbers.  This  nonlinear  relationship  reflects  ecological
feedback,  wherein  methane  stimulates  methanotroph  activity,  which  in  turn
enhances methane consumption and reduces emissions.

Besides  the pmoA evidence,  the  dominance  of Methylophilus (30.3% rela-
tive  abundance  in  paddy  films  at  the  ZJ_SY  site; Figure  4)  supports  active
methylotrophy involved in methane oxidation. Although microbial composition
was assessed via16S rRNA sequencing, the community profiles largely reflect
an enrichment  effect  (e.g.,  methane-rich water  such as that  shown in Figure
2E),  rather  than  bulk  sediment  microbial  structure.  Co-occurrence  network
analysis  revealed  a  strong  segregation  of  microbial  communities  between
floating  iron  biofilms  and  underlaying  sediment  at  the  genus  level  (Figures
S4–5) with minimal taxonomic overlap across different environments.  These
results  suggest  that  microbial  succession  at  ecotones  (e.g.,  iron  film-sedi-
ment  interfaces)  follows  a  habitat-specific assembly  model,  driven  by  local-
ized niche differentiation. For instance, lake iron biofilm harbored unique taxa
dominated by Bacillus, Clostridium, and Azotobacter,  accounting for 83.1% of
identified  clones  (Figure  4).  Among  these  taxa,  a  rare  yet  fast-growing
heterotrophic  gammaproteobacterium  have  also  been  reported  as  the
predominant communities in freshwater surface microlayers.31,41,42

Despite  ecological  filtering  at  the  WAI  (Shannon  diversity  decreased  by
62.5%,  Chao1  by  45.1%  vs.  SWI),  functional  profiling  revealed  conserved
metabolic  networks  associated  with  methane  oxidation,  including  sulfur
respiration,  methanol  oxidation,  and  nitrate  reduction  (Figure  S5).  This
streamlined  diversity,  captured  through  controlled  film  aging,  highlights  iron
biofilms as simplified yet ecologically representative models for WAI methane
cycling.
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 Unique dual-layer biofilm structure constrains methane exchange
The  methane-trapping  function  of  iron  films  and  associated  bubbles

(Figure  2E)  is  closely  linked  to  their  unique  structure  and  composition
(Figures  5 & S6).  Scanning  electron  microscopy  observations  revealed  that
fresh  films  were  densely  smooth  (similar  observations  in  ref43),  with  initial
thickness of several hundred nanometers, increasing to several micrometers
over time (Figure 5C).

Structurally,  the  films  exhibited  a  dual-layered  architecture:  the  air-facing
surface  consisted  of  tightly  packed,  self-assembled  spherical  nanoparticles,
while the water-facing side displayed microscale irregularities and biological
colonization (Figures 5C-F & S6). Microbial cells were densely arrayed on the
water-facing side, particularly on aged films, where rod-shaped and disc-like
bacterial aggregates were abundant (Figures 5E–F). This dual-layer mineral-
microbial  biofilm  was  consistently  observed  across  diverse  environments.
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However, microbial morphologies and densities varied (Figure S6). Nanopar-
ticles were observed attached to microbial surfaces, and mucilaginous struc-
tures  often  interwove  with  or  were  embedded  in  the  mineral  matrix
(Figures 5F & S7).  This gelatinous biofilm structure may have enhanced the
resistance of gas exchange at the WAI, acting as a methane-barrier.44

 Chemical roles of iron biofilms
The iron-rich films (42% Fe by mass) not only serve as physical barriers but

also  form  a  dynamic  redox-active  platform  that  may  chemically  regulate
methane oxidation.  Both copper- and iron-dependent methane monooxyge-
nases  are  capable  of  directly  oxidizing  methane.45 XPS  analysis  revealed
mixed  iron(II/III),  copper,  and  sulfur  species  (Figure  5H),  indicative  of  active
redox  cycling  at  the  WAI.  XRD  analysis  revealed  that  fresh  films  primarily
contain amorphous  iron  (hydr)oxides,  whereas  aged  films  develop  crystal-
lized minerals (e.g.,  magnetite and hematite; Figures S7 & 5G). Fluorescence
microscopy  further  confirmed  the  coexistence  of  crystalline  minerals  and
organic particulates (Figures 5G & S8), supporting the role of aged biofilms as
mineral-organic  composites  with  potential  catalytic  and  microbial  functions
for methane transformation.

 Explanation for methane emission paradox
The  methane-barrier  effect  of  floating  iron  biofilms  helps  explain  the

controversial  relationship  between  straw  incorporation  rates  (0–12  t  ha−1)

and methane emissions (Figures 6A–B). Consistent with previous studies,27 a
higher  straw  amendment  did  not  necessarily  increase  methane  emissions.
Our findings suggest that the formation and activity of iron biofilms critically
modulate this relationship.

We  observed  a  strong  inverse  correlation  between  iron  film  biomass
(g  m−2)  and  methane  flux  normalized  by  OM  content  (R2 =  0.96, p <  0.001;
Figure 6C). This indicates that increased iron biofilm development effectively
suppresses  methane  emissions,  even  under  high  OM  inputs  from  straw
amendments.

Moreover,  both  floating  iron  biofilms  and  suspended  iron  flocs  were
enriched  with  methane-oxidizing pmoA genes  (Figure  3D).  This  genetic
evidence supports the hypothesis that iron biofilms facilitate methane oxida-
tion and thereby reduce net emissions.

 DISCUSSION
 Landscape-scale scenarios of iron film formation and impact

The  diffusion  of  ferrous  ions  into  overlying  waters,  followed  by  oxidation
and precipitation, is a ubiquitous process across aquatic environments. Typi-
cally,  the redistribution of iron across the SWI-WAI could only be inferred by
chemical  analysis.29 However,  in iron-rich environment under flooded condi-
tions,  especially  in  shallow  water  systems,  landscape-scale iron  redistribu-
tion  can  become  visually  apparent  through  the  formation  of  iron  film
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(Figure 7). These scenarios highlight the potential role of iron biofilms in regu-
lating methane emissions.

In  agricultural  systems,29 nutrient-rich  environments  like  rice  paddies,
ponds,  and  lakes  receive  excessive  OM  inputs  from  fertilizers  and  crop
residues,  making  them  hotspots  for  methane  emissions.  Yet,  the  potential
contribution of iron biofilms to methane mitigation remains underexplored. In
swamps  and  permafrost  regions,46,47—naturally  enriched  with  iron  and
OM—redox  fluctuations  driven  by  water  table  shifts  and  thawing  processes
introduce uncertainties in methane budgets; here, iron films may play a criti-
cal but underappreciated role in stabilizing these dynamics.

In  other  systems  such  as  iron-rich  groundwater  upwelling,  irrigation
networks,  or  acid  mine  drainage  sites,35,48 large-scale reddish  iron  precipi-
tates often form at  the surface even in  the absence of  abundant  OM.  While
these environments are not typically linked to high methane emissions, their
iron-rich biofilms could still influence methane dynamics.

Iron  minerals  are  critical  surfaces  for  biofilm  formation  and  methane
oxidation  in  stratified  water  systems.5,15,18,28,49,50 However,  their  importance  in
shallow  wetlands  like  rice  paddies,  ditches  and  ponds  remains
understudied.12,14,51 In  these  environments,  the  redistribution  of  iron  from
sediment or soil into the SWI and WAI is significant.29 Given that rice paddies
emit ~11% of global anthropogenic methane emissions, a better understand-
ing iron biofilm dynamics is crucial. However, quantifying the contributions of
iron  biofilms  on  methane  oxidations  remains  challenging  due  to  a  lack  of
dedicated  studies,  underscoring  the  need  for  further  investigation  into  their
global methane budget impacts.

 Unique structure and overlooked function of iron biofilms
Up  to  80%  of  prokaryotes  in  nature  are  estimated  to  live  as  biofilms  on

mineral  surfaces.52 The  methane-barrier  function  described  here  enhances
our  understanding  of  the  role  of  mineral–microbe  interactions  at  the  WAI.
Initially studied in acid mine drainage,  these films were considered products
of  iron-oxidizing  bacteria  and  sinks  for  heavy  metals.35 More  recently,  such
films  and  flocs  have  been  identified  in  circumneutral  wetlands  as  dynamic
hotspots  for  iron  cycling  that  may  influence  carbon  dynamics.31,41,46 Such
redox-active  films,  composed  of  mixed-valence  of  iron  and  copper  could
theoretically  mediate  methane  oxidation  by  acting  as  electron  acceptors  or
catalysts  (e.g.,  via  Fenton-like  reactions  generating  hydroxyl  radicals53 or
mineral-mediated electron transfer28,45). Even in the absence of iron minerals,

neuston  bacteria32 thrive  at  the  WAI,  forming  biofilms  and  reducing  gas
exchange.38,44,54 The floating  iron  biofilm  described  in  this  study  is  a  previ-
ously unreported composite structure—neither solely mineral  or  microbial.  It
exhibits  a  pronounced  methane-trapping  and  oxidative  functions  under
circumneutral  wetland  conditions  (mean  pH  =  6.5,  n  =  30, Table  S1).  We
speculate that the mineral and microbial layers interact symbiotically: miner-
als  provide  a  scaffold  for  functionally  relevant  microbes,  while  microbes
secrete extracellular polymeric substances that stabilize the mineral matrix.

 Methodology advances novel film concept
Conventional  studies  of  microbial  biofilm  in  the  bulk  sediments  and  soils

typically focus on microaggregates composed of mixed mineral and organic
particles, which  remain  highly  heterogeneous.  In  contrast,  our  methodologi-
cal approach  physically  decouples  iron  film  formation  from  microbial  colo-
nization, allowing the latter to occur during the later stages of iron aging (i.e.,
“iron film first,  microbial colonization later”, Figures 5 & 7F; see also Discus-
sion S1). This strategy enabled us to selectively capture microbial communi-
ties that are actively functioning at the WAI,  rather than passive background
populations (Figure 4).  Supporting this  view,  microbial  co-occurrence analy-
sis showed a minimal overlap in genus-level taxa between iron biofilms and
their  underlying  sediments  and  soils.  This  approach  effectively  filters  out
background microbial  "noise",  enhancing  the  resolution  of  functionally  rele-
vant communities that directly interact with the biofilm interface.

 Implications for nature-based solutions
Floating iron biofilms offer promising potential as a nature-based solution

for mitigating methane emissions. The effectiveness of iron amendments in
reducing methane emission is well documented, particularly in paddy soils.55

Our findings show that Iron biofilms form rapidly under controlled conditions,
especially  with  fresh  OM  inputs,  and  maintain  stable  nanostructures  even
after drying. Even when the films decay from water surface, they settle onto
sediment or soil surface (Figure S9 and refs16,46),  functioning similarly to iron
oxide amendments for methane mitigation in freshwater wetlands.55,56

 Future directions
The  methane-barrier  effect,  along  with  high pmoA gene  abundances

suggests  that  substantial  methane  oxidation  occurs  at  the  WAI—a  process
influenced by both microbial activity and the gas residence time in the water
column. Although previous studies have demonstrated a significant methane
oxidation at the WAI revealed by isotopic method,38 we did not provide such
evidence, which may show potential limitations in data interpretation.

Additionally,  while  iron-driven  chemical  pathways  may  synergize  with
microbial  methane  oxidation,45 they  were  not  explicitly  investigated  in  this
study. Our work emphasizes the microbial contribution to methane suppres-
sion,  but  abiotic  iron-OM  interactions  remain  an  important  future  research
avenue.

Although measured methane flux were about 2 times lower than predicted,
current work does not allow to make global-scale estimations of how much
methane oxidation was mitigated by iron biogeochemistry but shows a great
potential for broader-scale evaluations.

Finally,  the  discovery  of  floating  iron  biofilms  opens  a  new  frontier  in
iron–carbon interactions at the WAI. The microbial colonization and develop-
ment,  including  those  of  bacteria  and  viruses,  within  these  biofilms  may
represent  a  model  system  for  studying  ecological  adaption  and  microbial
evolution under redox-dynamic, interface-specific conditions. Future metage-
nomic  approaches  could  yield  novel  insights  into  these  complex
interactions.42,57,58

 CONCLUSION
This study identifies floating iron biofilms at the WAI as a critical and previ-

ously  overlooked  methane-barrier  in  wetlands.  These  biofilms  form  rapidly
under  high  OM  conditions,  creating  a  dual-layer  structure  that  combines
physical trapping  by  iron  minerals  and  microbial  oxidation  via  methan-
otrophs.  This  mechanism  suppresses  methane  emissions  significantly,
explaining  emission  paradoxes  in  environments  like  straw-amended  rice
paddies.  The  biofilms'  durability,  rapid  formation,  and  function  under
controlled  conditions  highlight  their  viability  as  scalable,  nature-based solu-
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Figure 6.  Methane  flux  dynamics  and  their  relationship  with  straw  addition  and
floating  iron  biofilm  formation  after  rice  harvest  from  JS_YCH  soils (A-B)  Methane
flux measured on Day 3 (during initial iron-rich film formation) and Day 14 (post-straw
incorporation)  under varying straw return rates (0–12 ha−1).  (C)  Methane flux on Day
14 normalized by the mass of incorporated straw.
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tions for mitigating agricultural methane emissions. By shifting attention from
traditional  SWI  processes  to  those  occurring  at  the  WAI,  this  work  reshape
current  paradigms of  wetland methane regulation  and highlight  the  broader
role of iron biogeochemistry in the global methane budget.
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