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Abstract

Iron (Fe) redox cycling is intricately linked to methane (CH,) emissions in global wetlands, yet its role under
sustained bioturbation remains poorly quantified. We investigated how continuous loach (Misgurnus
anguillicaudatus) activity influences CH,; emissions and Fe dynamics in a ratoon rice system over 178 days.
Methane and ecosystem CO, fluxes were measured continuously, while in situ microdialysis quantified
dissolved Fe in surface and root-zone porewaters. The results showed that loach bioturbation increased
cumulative CH4 emissions by 31.9% (95% Cl: [18.2%, 40.2%], p = 0.0033) and sustained elevated dissolved Fe
concentrations near the soil-water interface (SWI), indicating intensified reducing conditions and a
weakened SWI barrier for CH,4. A Fe-based process model alone explained >78% of CH,4 flux variability. A more
integrated model further suggested that loach activity enhanced CH4 emissions by increasing labile carbon
supply, CH,4 production efficiency, and CH4 transport. These findings position dissolved Fe as a practical proxy

for CH4 emissions, with implications on improving global CH, models.

Keywords: Bioturbation; methane; microdialysis; oxic-anoxic interface; dissolved iron; ratoon (semi-

perennial) rice; temperature sensitivity
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Bioturbation on CH4 Emissions: Fe-Gmax Model
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39 Highlights

40 e Stratified microdialysis revealed increased surface ferric reduction.

41 e Loach activity increased cumulative CH4 emissions by 31.9% over 178d rice season.
42 e Seasonal CH4 was positively linked to bottom Fe and negatively to surface Fe.

43 e Temperature regulated CH, indirectly via CO, fluxes and rice phenological stages.

44 e Surface dissolved Fe emerged as a practical proxy for seasonal CH, emissions.
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Introduction

Biogeochemical cycles are fundamentally driven by perturbations that reorganize redox gradients and
substrate availability across Earth’s critical zone [1-4]. Among these, biological disturbances—from microbial
metabolism to macrofaunal bioturbation—exert primary control on greenhouse gas (GHG) fluxes by
mediating electron acceptor competition and carbon transformation pathways [5, 6]. Flooded
agroecosystems like rice paddies, contributing ~8-12% of global anthropogenic CH4 emissions (~¥30 Tg CH,
yr™) [3, 6], represent highly dynamic systems in which redox processes, plant physiology, and biological

disturbance interact to shape CH, cycling [5, 7, 8].

Under flooded conditions, CH4 production, oxidation, and emission are not uniformly distributed throughout
the soil profile but are constrained by two critical redox interfaces: the soil-water interface (SWI) and the
rhizosphere [3, 9, 10]. Microorganisms at the SWI can oxidize > 40% of CH,4 [3]. The rhizosphere oxygen
release forms localized oxidized microsites that regulate CH, production, oxidation, and plant-mediated
transport [11]. The integrity and oxidative capacity of these two interfaces largely determine whether CH, is

retained and oxidized within flooded soils or rapidly released to the atmosphere.

Bioturbation profoundly alters the structure and functioning of these interfaces, yet its net effect on CH,
emissions remains unresolved. Numerous studies report reduced CH4 emissions under bioturbated
conditions [5, 12-14] due to enhanced oxygen penetration and stimulated oxidative processes at interfacial
zones [3, 15-17]. In contrast, sustained benthic activities such as loaches, shrimp or Paphia undulata can
increase CH4 emissions by accelerating organic matter mineralization, increasing labile carbon availability,
and disrupting redox stability [18-23]. These contrasting outcomes suggest that the presence of bioturbation
alone is insufficient to predict CH4 responses; rather, the key lies in how bioturbation reshapes redox

processes at interface scales.

Mechanistic understanding of these effects is further constrained by methodological limitations. In field
settings, spatial heterogeneity of animal activity, external feed inputs, and variable water management
complicate isolation of bioturbation effects [5, 8, 18, 19, 24]. Low-frequency CH4 measurements may miss
emission peaks [3], fixed-point measurements may not confirm active bioturbation [25, 26], and most studies
focus on single growing seasons, implicitly assuming post-harvest reoxidation. Such assumptions overlook
the persistence of reduced conditions and root biomass in semi-perennial (or ratoon) rice systems [27].
Critically, there remains a lack of process-based indicators that can quantitatively link interfacial redox

dynamics to CH, fluxes under sustained bioturbation.
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75  The identification of a mechanistically meaningful and operationally robust indicator is essential (Fig. 1). Bulk
76 redox potential (Eh) integrates multiple processes and lacks specificity, while field measurements often show
77 poor reproducibility [28]. Dissolved oxygen is extremely low and highly transient under flooded conditions,
78 and alternative electron acceptors such as nitrate or sulfate exhibit rapid turnover and limited inventories,
79 restricting their relevance to short temporal windows. In contrast, iron (Fe) is abundant in flooded soils and
80 undergoes continuous redox cycling between Fe(lll) and Fe(ll) across relevant spatial and temporal scales [4,
81 29], during which Fe reduction consume about 50% e-donors [30, 31]. Microbial Fe(lll) reduction directly

82 competes with methanogenesis for electron donors and can be coupled to anaerobic CH, oxidation, whereas
83 reoxidation of Fe(ll) at the SWI and in the rhizosphere reinforces oxidative barrier functions at both interfaces
84 [3, 32]. Because Fe redox cycling is intrinsically coupled to CH,-related processes and integrates cumulative
85 redox information across interfaces and time, Fe represents the most plausible proxy for establishing

86 guantitative linkages to CH4 emissions in flooded systems [33, 34]. Despite this potential, direct evidence

87 linking depth-resolved Fe redox dynamics to CH, emissions under sustained bioturbation remains scarce.
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89 Fig. 1. Hypothesized role of dissolved Fe as an integrated redox indicator of bioturbation-mediated CH,
90 emissions in flooded rice systems. Methane produced in anoxic soils must traverse an oxidized Fe belt at the

91 SWI, with possible extension to floating Fe biofilms at the water—air interface and root Fe plaques. Fish
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bioturbation increases labile carbon inputs and disrupts the SWI CH,4 barrier, enhancing Fe reduction, CH,

production, and emissions, forming the basis of hypotheses H1 and H2.

We tried to address these gaps through a 178-day mesocosm experiment integrating ratoon rice with benthic
loaches (Misgurnus anguillicaudatus) under feed-free conditions. Continuous CH4/CO; flux monitoring, in situ
microdialysis of porewater Fe at surface/root-zone depths, and process-based modeling tested two
hypotheses (Fig. 1): (1) Loach bioturbation weakens SWI barrier function, elevating surface soil reducing
conditions; (2) Dissolved Fe serves as a robust CH4 emission proxy across seasonal scales. By establishing Fe
redox as a mechanistic integrator of bioturbation effects, this study provides quantitative constraints for

global CH4 models and allows simulating the net impact of bioturbation in flooded systems.

2. Materials and Methods

2.1. Soil location and characterization

Paddy soil collected from Shangyu City (30°01'38.256" N, 120°5223.311" E), Zhejiang in China, characterized by
total organic matter (3.5% by weight), with a soil paste pH of 5.6, 3.5% Fe and loam characteristics. Other soil

properties were described previously [35].

2.2. Open-field rice growth experiment

An open field mesocosm experiment was conducted to examine the effects of loach bioturbation on rice growth
and GHG fluxes. The experiment included two treatments: rice grown without loach (-Loach) and rice grown with

loach (+Loach), each with two replicate soil containers.

The experimental units consisted of polyvinyl chloride (PVC) container tanks (30 x 40 cm, length x width), each
filled with approximately 20 kg of sieved air-dried soil. On day of year (DOY) 167, two loaches (Misgurnus
anguillicaudatus) were introduced into each +Loach container, whereas —Loach containers received no loach
fishes. Prior to introduction, loaches were pre-cultured under natural rainwater conditions for approximately 30
days and sustained by aquatic plants and duckweeds transplanted from the experimental soil. Throughout the
rice—loach cocultivation period, loaches foraged on naturally available food sources, including soil organic matter,

snails, Alligator weed, Cyperus difformis, macroalgae, phytoplankton, and other zoobenthos and zooplankton [18].

Basal nitrogen fertilizer was applied as urea at a rate equivalent to 60 kg N ha™ at the beginning of the growing
season. No additional organic amendments were applied during the experiment. Seeds of the rice cultivar
Yliangyou No.1 were germinated in deionized water and raised for four weeks on a horticultural substrate.

Subsequently, six rice hills consisting of 25-day-old seedlings were uniformly transplanted into each container.
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All containers were embedded in a large sand bed filled with river sand, with a total sand volume at least 20 times
greater than the combined volume of the containers. This configuration ensured continuous submergence of the
containers and insulated the sidewalls from direct solar radiation. The sand bed was maintained under flooded
conditions, producing a stable water column of approximately 5 cm above the soil surface in each container. This
design minimizes edge effects and temperature heterogeneity associated with uneven heating. To maintain
consistent flooding throughout the experimental period, a rainwater collection system was used to compensate
for evaporative water losses, thereby supporting a near-natural hydrological regime under open-field conditions.
In addition, thermocouples were installed at a soil depth of 5-10 cm. Temperature was recorded at 30-min

intervals using a remote temperature monitoring data logger (Xiandun CIMC Inc., China) [27].

2.3. Chamber-based CH, flux measurement

Methane and CO, fluxes were measured at intervals of 3—10 days using a static half-transparent chamber
approach coupled with a portable greenhouse gas analyzer (LI-7810, LI-COR Biosciences). During each
measurement, the analyzer continuously recorded CH, and CO, concentrations following chamber closure [3, 36].

Gas fluxes were calculated based on the initial rate of change in gas mole fraction (0C/dt) according to Equation

(2):

acC \%4 P(1-W,
] — CHg X = X ( o)
ot A RT

(1)

where Jis the gas flux (umol m™2s™), Vis the chamber volume (0.1925 m3), A is the soil surface area enclosed by
the chamber (0.12 m?), P is atmospheric pressure (101.3 kPa), W, is the mean water vapor mole fraction during

each measurement, R is the universal gas constant (0.008134 m3 kPa mol™ K™"), and T is soil temperature (K)

6CCH4
at

measured at 5 cm depth. The term represents the rate of change in gas mole fraction (umol mol™ s™)

immediately after chamber closure. Carbon dioxide fluxes were measured in the similar way. These measurements
represent instantaneous net ecosystem exchange (NEE), integrating both photosynthetic CO, uptake and

respiratory CO, release within the chamber.

To resolve short-term dynamics, intensive flux measurements were conducted during the grain-filling stage of the
main rice crop. On day of year (DOY) 242, gas fluxes were measured every 1-2 hours throughout the daytime to
capture diurnal variability and its relationships with environmental drivers, including air temperature and soil

temperature.

The gas analyzer was automatically calibrated using standard gas mixtures prior to measurements. Air samples
were partially dehydrated using an integrated gas dryer before entering the analyzer. During each measurement,

real-time changes in CH4, CO,, and H,0 concentrations were monitored to identify disturbances caused by abrupt
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perturbations or gas ebullition. Measurements showing irregular concentration changes were discarded and
repeated. Flux calculations were based on the initial linear concentration change beginning 30 s after chamber

closure.

Linear regression coefficients were recorded for each measurement, and all raw concentration data were archived
for quality control. Flux estimates were accepted only when the coefficient of determination (R?) exceeded 0.75
and the root mean square error (RMSE) was below 1.5% for CO, (300-700 ppm) or below 2 ppb for CH,. During
gas flux measurements, concurrent environmental variables were monitored, including soil temperature at 5 cm
depth, canopy air temperature, relative humidity, and photosynthetic photon flux density (PPFD), using an on-site

miniature weather station.

2.4. Soil microdialysis and dissolved Fe analysis

Soil porewater redox dynamics were investigated using in situ soil microdialysis, following the methodological
framework established in previous studies [9, 10]. Microdialysis sampling was conducted repeatedly
throughout the experimental period, with increased frequency during key rice growth stages. Microdialysis
probes were installed at two soil depths: near the soil surface (covered only by the device) and at
approximately 5-10 cm depth, allowing simultaneous monitoring of redox dynamics in both layers. Dialysate
samples were pipetted into acid-cleaned polypropylene vials, and collected volumes were recorded for

concentration calculations.

Immediately after collection, dialysate samples were acidified to pH < 2 with ultrapure nitric acid to stabilize
dissolved Fe species. Dissolved Fe concentrations were quantified using inductively coupled plasma mass
spectrometry (ICP-MS). Instrument calibration was performed using multi-element standard solutions, and
procedural blanks were included to ensure analytical accuracy. Quality control was assessed through
repeated analysis of standards and selected samples. Microdialysis-derived dissolved Fe concentrations were
used to characterize soil redox status and redox succession rather than to directly quantify microbial Fe

reduction rates.

2.5. Conceptual and mathematical framework of Fe—CH, coupling

Here, we formalize the conceptual understanding of Fe—carbon interactions in flooded soils into a minimal,
process-based mathematical framework that links Fe redox dynamics to CH4 production and CH4 emission

efficiency (More details in TEXT S1).

2.5.1 Thermodynamic hierarchy of redox processes
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180 The framework is grounded in the thermodynamic hierarchy of anaerobic respiration in flooded soils, in

181 which terminal electron-accepting processes proceed sequentially from Fe(lll) reduction to sulfate reduction
182 and ultimately to methanogenesis [16, 37, 38]. Ferric oxides consume more than 50% electron donors in
183 freshwater environment [30]. As long as reactive Fe(lll) remains available, Fe reduction competitively

184 consumes shared electron donors and suppresses CH, production [33]. Methanogenesis is assumed to

185 initiate only after Fe(lll) becomes depleted or kinetically constrained, and deep-layer Fe2* is subsequently
186 immobilized through sulfide precipitation. A more reducing environment would result in a lower dissolved Fe

187 concentration.

188 2.5.2 Dual role of Fe in regulating CH4 dynamics

189 Iron is assumed to regulate CH,4 cycling through two distinct but interconnected mechanisms operating at
190 different soil depths. In deeper soil layers, reactive Fe(lll) indirectly controls CH,4 production by scavenging
191 sulfide and alleviating sulfate inhibition, thereby shaping the timing and magnitude of CH,4 generation. In
192 contrast, in surface soil layers, Fe redox cycling directly governs CH,4 oxidation. Oxidized Fe phases serve as
193 electron acceptors for CH4 oxidation, whereas elevated Fe?* concentrations indicate increasingly reducing
194 conditions that weaken oxidative capacity. These contrasting controls motivate a vertically stratified

195 representation of the soil system (section 2.4).

196 2.5.3 Spatial compartmentalization and process coupling

197 The soil profile is conceptualized as two functionally distinct compartments: a deep methanogenic zone and a
198 surface oxidative layer. Methane production is assumed to occur predominantly in deeper soil layers,

199 whereas CH4 oxidation and transport regulation are controlled near the SWI. Although these processes are
200 modeled independently, they are coupled through CH, diffusion, such that variations in deep CH4 production

201 propagate upward to influence surface emission efficiency.

202 2.5.4 Functional representation of CH, production

203 Methane production potential in the deep soil layer is assumed to depend nonlinearly on dissolved Fe?*
204 concentration. High Fe?* concentrations indicate active Fe reduction and strong suppression of

205 methanogenesis. As Fe?* is progressively removed through sulfide fixation, this suppression is relaxed,
206 resulting in a rapid increase in CH4 production potential. This transition is represented using an inverse

207 sigmoidal function:
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where K j;denotes the Fe** concentration at which methanogenesis is half-released from Fe-mediated

suppression, and mcontrols the sharpness of the transition.
2.5.5 Functional representation of CH, oxidation efficiency

Methane oxidation efficiency in the surface layer is assumed to decline monotonically with increasing Fe?*
concentration, reflecting a shift toward more reducing conditions and diminished oxidative capacity. This
behavior is described using a Hill-type function:

(Fe2+ P

surf 2
+ (Fe 2)

n(Fesurf) No + (1 770)

em1t surf

where ngrepresents the minimum oxidation efficiency under strongly reducing conditions, K. ;defines the
Fe?* concentration at which oxidation efficiency is reduced by half, and pcontrols the sensitivity of the

response.
2.5.6 Temperature response and process decoupling

Temperature effects on CH4 production are represented using a Qio formulation, assuming constant

temperature sensitivity across the studied range:

T—Tref

f(T) = Q" (4)

2.5.7 Parameterization of maximum CH, production capacity (G ,.x)

The maximum CH,4 production capacity (Gp,ax) represents the upper limit of substrate-supported
methanogenesis under optimal redox and temperature conditions. Rather than treating G,,,xas a purely

empirical constant, we parameterized it as a dynamic quantity linked to carbon input availability, reflecting
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the coupling between plant-derived carbon supply, additional organic inputs, and microbial CH4 production

potential.

Specifically, G.xWas decomposed into a baseline carbon input term modulated by photosynthetic activity
and, where applicable, an additional organic carbon contribution associated with animal-derived inputs.
Photosynthetic activity was inferred from net CO, fluxes and translated into a photosynthesis potential index,
accounting for the fact that enhanced respiration in bioturbated systems may obscure gross carbon
assimilation when only net CO, exchange is observed. To reflect delayed carbon translocation from
aboveground production to belowground substrates, a temporal lag was introduced using an exponentially
weighted moving average. ethane emissions exhibit a time-lagged response to key drivers such as
temperature and plant productivity, as demonstrated by global analyses of the FLUXNET-CH4 dataset [39,
40].

For systems without animal inputs, G,,,x Was expressed as a function of photosynthesis-modulated plant

carbon input:

Plag(t) - Pref

(5a)
Pref

Gmax(t) = Gpase |1 + kphoto :

where Gpaseis the baseline CHa production capacity, kyhotoquantifies the sensitivity of CHa production to
photosynthetic carbon input, Pj,4(t)denotes lagged photosynthesis potential, and Pis a reference level

used for normalization.

In systems with benthic fauna, G, xadditionally incorporated an animal-derived organic carbon input term,
representing fecal deposition and enhanced organic matter turnover induced by bioturbation. In this case,

total CH,4 production capacity was formulated as:

Gmax(t) = [Gplant(t) + Gfeces(t)] “Kmetn (5b)

where Gpjant(t)follows Eq. (5a), Greces(t)represents the time-dependent contribution of animal-derived
carbon inputs, and k,etmis @ dimensionless conversion factor describing the efficiency with which available

carbon substrates are converted into CH,. Differences in k,.inbetween treatments capture treatment-
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specific constraints on methanogenic efficiency arising from redox disturbance, microbial competition, or

altered substrate quality.

Together, this formulation allows G,;,,4to vary dynamically in response to carbon supply while remaining
mechanistically interpretable, thereby linking aboveground carbon assimilation, bioturbation-induced organic

inputs, and subsurface CH4 production within a unified modeling framework.

CH4 production and oxidation are assumed to be separable processes operating at different soil depths.
Accordingly, total CH4 emission flux is calculated as the product of temperature-modulated CH,4 production
potential and surface emission efficiency:

T(t)—Tref
FCH4 () = Gmax Q10 10 ’ qJ(Fe(Zi-gep(t)) ’ n(Fezlj—rf(t)) (6)

2.5.8. Model parameters and input variables

Model parameters: The parameters used in the Fe—CH,4 coupling model, together with their physical
interpretations and typical ranges reported in flooded soil systems, are summarized in Table 1. Parameter
values were either constrained by literature ranges or calibrated against observed CH, flux dynamics,

ensuring mechanistic interpretability rather than purely empirical fitting.

Table 1. Model parameters, symbols, physical meaning, and typical ranges.

Parameter Symbol Unit Physical meaning Typical range

Maximum CH, production potential under
optimal redox and temperature conditions

Maximum
production capacity

-1

Gmax Nmol m™2s 1-1000 [39]

Threshold Fe?* concentration controlling the
Kirig dimensionless release of Fe-mediated suppression on 10-700 [4]
methanogenesis

Deep-layer trigger
threshold

Deep-layer shape Steepness of the deep-layer CH4 production 0.5-5

m  dimensionless

parameter response to Fe?* decline (Empirically)
Minimum emission . . Residual CH4 emission efficiency under strongl
- Ny dimensionless "~ " y o y &Y 0.01-0.5 [33]
efficiency oxidizing surface conditions
Surface half- . . Fe2* concentration at which surface emission
. Komit dimensionless . . . Sy 5-50 [34]
saturation constant efficiency reaches its midpoint
Surface shape . . Sensitivity of surface emission efficiency to Fe?*
P p  dimensionless = " ¥ ¥ 0.5-5[34]
parameter variation
Temperature . . Multiplicative increase in reaction rate for a
P. . Q10 dimensionless | ", p. . 1.5-4.0 [41]
sensitivity 10 °Crise in temperature
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Input variables: The model is driven by time-resolved environmental and biogeochemical input variables
(Table 2). Dissolved Fe?* concentrations in deep and surface soil layers represent the redox state of the
methanogenic and oxidative compartments, respectively. Soil temperature regulates CH, production through
a Qio-type response, while CO, flux is used as a proxy for ecosystem carbon exchange and photosynthetic

activity in the parameterization of G-

Table 2. Model input variables and descriptions.

Variable Symbol Unit Description

Time t(DOY) day Day of year

D.eep-layer Feézep () dimensionless Relative tota! diss.olved Fe concentration in the deep,
dissolved Fe methanogenic soil layer

Surface-layer Relative total dissolved Fe concentration in the surface,

FeZ! .(t) dimensionless

dissolved Fe surf oxidative soil layer
Soil temperature T(®) °C Time series of soil temperature
Reference
Tt °C Reference temperature for the Qio response (default: 25 °C)
temperature
Net ecosystem CO, exchange, used as a proxy for
Net CO, flux Fgo,(t) pmol m™2s™" ¥ 2 & proxy

photosynthetic carbon input in the parameterization of Gy«

Net CO, flux was incorporated to capture variations in plant-derived carbon supply that regulate CH,4
production capacity. Because net CO, exchange reflects the balance between photosynthesis and respiration,
its influence on G,,xWas interpreted in combination with temporal smoothing to account for delayed

translocation of assimilated carbon to belowground substrates, as described in Section 2.5.7.

2.6. Statistical analysis

All analyses were conducted in Python 3.10 using numpy, pandas, scipy, and statsmodels. Results are
reported as means * standard deviations unless otherwise stated. For CH, flux data, differences between
treatments (+Loach vs -Loach) were evaluated using paired t-tests across all sampling dates, with cumulative
emission differences quantified using trapezoidal integration and uncertainty estimated via bootstrap
resampling (n = 10,000 iterations). Treatment effects on seasonal or stage-averaged variables (e.g.,
greenhouse gas fluxes and porewater elemental concentrations) were assessed using two-tailed Student’s t-
tests (scipy.stats.ttest_ind). To avoid pseudoreplication, comparisons were based on values averaged over
defined growth stages or measurement periods rather than individual observations. Fold changes were
calculated to quantify relative differences between loach treatments and controls. For dissolved Fe

concentrations after DOY 242, bottom-layer and surface-layer Fe were predicted using an XGBoost model
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294 driven by environmental variables and gas fluxes, with hyperparameters tuned by cross-validation and

295 uncertainty estimated via residual variance and quantile regression. Nonlinear relationships between

296 dissolved Fe concentrations and CH,4 fluxes were examined using LOESS smoothing. Data from all treatments
297 and soil layers were pooled, and Fe concentrations were logio-transformed prior to analysis. LOESS was

298 implemented as robust local linear regression (it = 3) with the statsmodels LOWESS function, with the

299 smoothing parameter selected by five-fold cross-validation. Resulting R? values are reported as descriptive
300 indicators of fit, and uncertainty was estimated using bootstrap-derived 95% confidence intervals.

301 Associations between CH,4 fluxes and environmental variables (air and soil temperature, relative humidity,
302 vapor pressure deficit, and CO, flux) were evaluated using simple linear regressions (statsmodels.OLS). These
303 analyses were intended to characterize treatment-specific response sensitivities rather than infer causality;

304 slopes, R? values, and p-values are reported.

305 3. Results and discussion

306 3.1. Seasonal dynamics of CH,/CO; fluxes and temperatures

307 At the seasonal scale, loach-rice co-cultivation significantly increased cumulative CH,4 emissions (Fig. 2a, b).
308 Total CH4 emissions in +Loach group were 29.06 + 1.62 g m~2, compared with 22.03 + 0.91 g m™2in -Loach
309 group, representing a 31.9% (95% Cl: [18.2%, 40.2%], p = 0.0033, Cohen's d = 0.510) increase. Most emissions
310 occurred from main-season grain filling to ratoon stages, peaking after the first-season harvest. This period

311 typically coincides with increased organic carbon inputs from senescing leaves.

312 Loach effects varied depending on environmental conditions. During early tillering (DOY 162—-177), +Loach
313 exhibited significantly lower CH, flux (-43.3% + 9%, p < 0.001), during which turbid water and brown color (vs.
314 grey color in -Loach group) of surface soil were observed, which suggested a more oxidized redox status. In
315 contrast, during flowering to grain filling (DOY 202-226), CH, fluxes increased in loach plots (29.8% + 7.2%, p
316 = 0.001), coinciding with clearer water and greater plant biomass (Fig. 2c, d). During DOY 242-243 of the

317 main crop rice (the grain filling), diel dynamics of CH4 and CO, fluxes were continuously measured for

318 confirming that loach cultivation increased mean CH, fluxes by 26.1% from 207.08 to 280.28 nmol m=2 s’
319 (Fig. S1). However, on DOY 243 the effect of single point measurements only yielded 3.3% * 36.5%(10) effect,
320 which suggested an underestimation of the daily emission. Seasonal CH,4 fluxes were positively correlated
321 with air and soil temperatures (R? = 0.29-0.39, p < 0.001) and negatively correlated with CO, fluxes (R? =

322 0.18-0.23, p < 0.05), with no significant relationships observed for PPFD, relative humidity, or VPD (Fig. S2).
323 Temperature peaks preceded CH, emissions by 7-14 d (R? increased to 0.635-0.694, p < 0.001), while CO,
324 fluxes lagged CH, emissions by 7-21 d (R? increased to 0.696—0.706, p < 0.001, Figs. S1, S3—S54); this lag
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325 structure was further supported by high-frequency measurements on DOY 242-243 (Fig. S1). Consistent with
326 this lag structure, lagged soil temperature showed significant linear correlation with CH,4 fluxes (coefficient r

327 increased from -0.608—0 to 0.494-0.833, Fig. S5).
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329 Fig. 2. Temporal dynamics of greenhouse gas fluxes, cumulative CH, emissions, seasonal mean CO, fluxes,
330 and temperatures. (a, b) seasonal CH,4 flux (nmol m=2 s7') and cumulative CH, emissions (mg m™2). (c, d) CO,
331 flux (umol m=2s™) over time and mean CO, flux (umol m=2s™") across the measurement period. Each data point

332 is shown as mean * SD (n = 2-3). Air and soil temperatures during the flux measurement are presented in (c)

333 3.2 Dynamics of dissolved Fe concentrations at the SWI

334 Dissolved Fe concentrations showed strong depth stratification across the season, with deep-layer porewater
335 (~5-8 cm) consistently exceeding surface concentrations (Fig. 3). At the first post-flooding sampling following
336 rice transplanting, deep-layer Fe concentrations were already elevated, reaching 32.62 mg L™ (+Loach) and
337 30.97 mg L' (-Loach). Note: Soils were flooded for months before soil wet mixing and transplanting. During
338 the subsequent 25 days (seedling stage), deep-layer Fe increased rapidly to seasonal maxima of 279.08 mg L™
339 (+Loach) and 330.46 mg L' (-Loach), before declining thereafter. Throughout this early phase, surface-layer

340 Fe remained comparatively low and showed no consistent treatment differences.

341 Statistically significant treatment effects emerged within discrete temporal windows. During early-season
342 periods (DOY 150-163 and 156-170), deep-layer porewater Fe concentrations were higher in the +Loach
343 treatment (207.93 vs. 149.77 mg L™, t = 2.340, p = 0.0288; and 179.68 vs. 119.60 mg L™, t = 2.686, p =

344 0.0135; n = 12). In contrast, during the rice jointing stage (DOY 191-205 and 198-213), deep-layer Fe

345 concentrations were significantly lower under +Loach conditions (99.00 vs. 111.97 mg L™, t =-3.359,p =
346 0.0028; and 85.86 vs. 94.16 mg L™", t =-2.607, p = 0.0167). Late in the season, treatment effects were

347 primarily observed in surface-layer porewater, where +Loach exhibited consistently higher Fe concentrations

348 across multiple windows (DOY 219-290, p < 0.001).
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350 Fig. 3. Seasonal dynamics of dissolved Fe concentrations in the upper and bottom soil layers under fish-
351 cultivated (+Loach) and control (-Loach) conditions during the flooded main and ratoon crop season. Data
352 are shown as means + std (n = 4 per time point) and plotted against DOY. The inserted photograph shows the
353 location of the microdialysis device used for in situ porewater sampling. Asterisks (*) indicate significant

354 differences between +Loach and —Loach treatments in the upper soil layer, while detail comparisons were

355 summarized in Table S1.
356 3.4. The relationship between CH, fluxes and dissolved Fe concentrations

357 Across all observations, CH4 flux exhibited a pronounced nonlinear relationship with dissolved Fe

358 concentration, captured by LOESS smoothing (fraction = 0.2; Fig. 5, Fig. S4-56), explaining 50.6% of the

359 variance (R?=0.506, n = 152, p < 0.001). Methane flux increased from low to intermediate Fe concentrations
360 and declined at higher Fe levels, forming a non-monotonic response. Stratified analyses showed that this

361 relationship was significantly stronger in the +Loach group (R? = 0.596, n = 76) than in the —Loach group (R? =
362 0.316, n = 76; Fig. 5). Depth-resolved patterns further indicated that the contrast was concentrated in the
363 upper soil layer, where the Fe—CH, coupling was strongest in the +Loach group (R? = 0.751, n = 38), compared

364 to the -Loach group (R? = 0.468, n = 38). In contrast, relationships in the bottom layer were weak in both
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groups (R? = 0.164-0.442). Residual variance differed significantly among depth—group combinations, with
formal tests indicating heteroscedasticity (Bartlett test: p = 4.1 x 107%; Levene test: p = 0.013; Fig. S6). Despite
this variance structure, the nonlinear Fe—CHj,4 relationship and its stratified contrasts across groups and soil

layers remained consistent.

Control Bottom Loach Upper
»  Control Upper —— LOESS (fraction=0.2, R*=0.506)
¢ Loach Bottom 95% Confidence Band
350 *
= 4
- 300 2 .
~N ®
I 250 *
=
© 200
=
L 150
x
2 100
T
O 50 C
0 T . O U I R S i @ H *¢) o ¢
1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4

log1o (Fe concentration, mg L™1)

Fig. 4. Nonlinear relationships between dissolved Fe and CH, dynamics across treatments and soil layers.
Nonlinear relationships between CH,4 flux and dissolved Fe concentration across treatments and soil layers,
guantified using LOESS smoothing (fraction = 0.2). Points represent individual measurements from control and
loach treatments in upper and bottom soil layers (n = 120). The solid curve shows the LOESS fit, and the shaded
band represents the 95% bootstrap confidence interval. Residual distributions are provided to illustrate model

fit and variance structure. Methane flux displays a non-monotonic pattern along the dissolved Fe gradient.

3.5. Process-based model simulation

(1) Iron-based model with seasonal constraint (Fe—DOY model): The model incorporating dissolved Fe
dynamics and seasonal progression (DOY) captured a substantial proportion of the observed variability in CH,4
fluxes, supporting dissolved Fe as a key predictor of CH, emissions across treatments. The Fe—DOY model
explained a substantial proportion of the observed variability in CH,4 fluxes in both treatments, with higher

predictive accuracy in the —Loach group than in the +Loach group. In the ~Loach group, model performance
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reached R? =0.816 and RMSE = 31.7 nmol m™2 s~ (MAE = 24.3 nmol m™2s™", NSE = 0.816; n = 38), and

predicted fluxes closely matched observed seasonal dynamics and cumulative emissions (Fig. 5a—b).
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Fig. 5. Performance of Fe-DOY and Fe-DOY-G,,, models in predicting CH, emissions from paddy fields with
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(b) Fe-DOY model
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and without loach. (a, b) Fe-DOY model: (a) Time series of observed and predicted CH,4 fluxes, and (b)

cumulative CH4 emissions for both treatments. (c, d) Enhanced Fe-DOY-Gy,,x model: (c) Time series

predictions incorporating photosynthetic carbon inputs with optimized lag effects, and (d) cumulative

emissions.



Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.02.03.000121. This version posted February 3, 2026. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0

https://creativecommons.org/licenses/by-nc-nd/4.0

390
391
392
393
394
395
396

397

398

399
400
401

402
403
404
405
406
407
408

In the +Loach group, Fe—DOY model performance was lower, with R = 0.783 and RMSE = 46.5 nmol m™2 5™
(MAE = 33.2 nmol m=2s™", n = 38). Underestimation was most pronounced during high-emission periods (Fig.
5a), leading to increased residual variance around peak fluxes (Fig. 5a—b). Fitted parameters differed
substantially between treatments: Gnax declined from 1000 (i.e., upper boundary with high uncertainty) to
335 nmol m™2 57" (-66.5%), the Fe-response exponent m decreased from 8.88 to 1.21 (-86.4%), and Kemit
increased from 34.4 to 49.7 (+44.4%) in the +Loach group. Model response curve suggested that +Loach

increased the CH4 production potential (‘P(Feégep), Eq. 2; Fig. 6) and decreased the CH, oxidation efficiency

at the surface soil layer (r](Feg:rf), Eqg. 3, Fig. 6).
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Fig. 6. Modeled CH, responses to dissolved Fe concentrations by Fe-DOY model. (a) Deep-layer Fe inhibits
CH4 production (W) in reduced soils. (b) Surface-layer Fe promotes CH,4 oxidation (n) in oxic layers. Note: Total

dissolved Fe used as proxy for Fe?*,

(i) Incorporating variable CH, production capacity (Fe — DOY — G,,,,, model, optimized parameters in
Table S2): Allowing CH4 production capacity to vary in the Fe—DOY—G.x model substantially improved
predictive performance in both treatments (Fig. 5¢, d). In the —Loach group, R? increased from 0.816 to 0.890
and RMSE declined from 31.7 to 24.5 nmol m~2 s, while in the +Loach group, R? increased from 0.783 to
0.886 with RMSE reduced by 27.6%. Beyond improved goodness-of-fit metrics, the variable-Gax formulation
enhanced model performance across the full CH,4 flux range, yielding more evenly distributed residuals

(percentage of |residuals| < 10: 97.4%).
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Plant productivity (net CO, flux proxy) shows a positive but lagged relationship with CH; emissions (Fig. S3a—
b). Lag optimization further improved model fit, with optimal lags of 14 days in the —-Loach group and 4 days
in the +Loach group (Fig. S10, S11). The substantially shorter lag in the +Loach treatment indicates a faster
coupling between recent carbon inputs and CH,4 emissions. Incorporation of treatment-specific lags reduced
RMSE by 22.8% and 27.5% relative to the Fe—-DOY model in the —~Loach and +Loach groups, respectively,

resulting in comparable predictive performance between treatments (AR? < 0.01).

Fe — DOY — G, model considering the carbon-source-partitioning, plant-derived CH,4 tracked CO, uptake,
whereas feces-derived CH, followed a temperature-modulated decomposition function, indicating that loach
introduction substantially shifted carbon-cycling pathways. Parameter estimates revealed distinct
carbon-processing pathways between treatments. In +Loach, plant-derived CH,4 capacity (Gmax-base = 136.39
i.e., -Loach, Base maximum CH4 production rate (hmol m=2 s™)) was an order of magnitude lower than in
-Loach, while feces-derived carbon contributed ~42% of total methanogenic potential. The Fe?* trigger
threshold reached the upper bound in +Loach but remained within the observed range in —Loach. In addition,
model results suggested a higher temperature sensitivity of methanogenesis under +Loach conditions, as

reflected by a higher Q0 (1.68 vs. 1.50).

4. Discussion

4.1. Does fish—rice cocultivation increase or reduce CH,; emissions?

In this work, we evaluated the effects of loach bioturbation on CH, emissions in ratoon rice systems by
combining long-term porewater Fe monitoring with a mechanistic modeling framework. Under continuously
flooded conditions, moderate-to-high bioturbation intensity, and in the absence of external feed inputs, the
presence of loach increased seasonal cumulative CH4 emissions by 31.9% relative to rice-only controls. This
magnitude is comparable to reported increases in other fish—rice systems under controlled conditions,
including 27.1% in carp-based systems and 13.1% in carp—tilapia cocultivation [20, 21]. However,
bioturbation altered emission magnitude but not the seasonal pattern: Peak fluxes were observed in late

rice-growing stages (also see ref [21]).

Although our findings align with prior observations that ratoon rice can emit substantial higher CH,4 gas [42-
44], most field-based studies supported a low-emission pattern during ratooning stage [45, 46]. These
discrepancies are largely attributed by field water and straw residual management: sustained flooding and
straw-returns can result high emissions (as this study did) while most low-emission cases commonly perform

intermittent drainage practices for ratoon cropping [44, 46]. Sufficient evidence have demonstrated that
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water-saving practice can reduce seasonal CH, emissions by increasing soil redox status to inhibit
methanogenesis [47]. The seasonal pattern was rice growth stage-dependent in our study, which was also

widely support by field observations (such as global FLUX-NET dataset [40]) or control experiments [20, 21].

In most cases, rice plants dominate terminal CH4 emissions through plant-mediated transport, a process that
is spatially and temporally decoupled from in situ methanogenesis [5, 18]. Within this conceptual context,
model results further indicated that loach presence increased temperature sensitivity (Qio from 1.50 to 1.68)
for methanogenesis (Table S2). Under global warming scenarios, static greenhouse gas emissions from rice
paddies are commonly attributed to the activities of CHs-producing and CHg-oxidizing microorganisms and
are often assumed to be intrinsically temperature-regulated. A prevailing view holds that methanogenesis
exhibits higher temperature sensitivity than CH4 oxidation (e.g., Q10 4.1 versus 1.1), implying increased
future emission risks under warming [16]. Accordingly, the net bioturbation effect on CH, emissions depends
on whether loach activity enhances CH,4 production, for example by increasing labile carbon availability, while
simultaneously reducing CH,4 oxidation through accelerated diffusion or suppression of CH, oxidizers at the

soil-water interface and in the rhizosphere during key growth stages.

4.2. Conceptual model of loach’s mechanisms on CH, emissions

Mechanistically, the enhancement of CH4 emissions under loach cultivation can be primarily attributed to
enhanced CH,4 production in deep soil layers and bioturbation-driven weakening of redox stratification at the
SWI (Fig. 6, 7), as supported by many studies [3, 22, 48]. This is directly supported by the Fe redox chemistry
(i.e., the significant difference of dissolved Fe concentrations in surface soils, Fig. 3) in this study. We also
observed severe turbid of surface water frequently and that there were no clear color gradients (only

consistent grey and rotted egg smells implying sulfides) of soil profile in +Loach soils.

The SWI typically acts as an oxidative barrier, oxidizing a large fraction of upward-diffusing CH, before it
reaches the water column [3]. Repeated sediment disturbance and grazing on oxygen-producing weeds
reduced the thickness and persistence of the oxic—anoxic transition zone, thereby shortening CH,4 residence
time within oxidative layers and increasing the fraction of CH, transferred across the SWI [22, 48]. Our Fe-
DOY models directly support this claim (Fig. 6). Also, as indicated by CO,-CH,4 lags (Fig. S10, S11), bioturbation
accelerates organic matter turnover through sediment resuspension, grazing on oxygen-producing weeds,
and redistribution of labile carbon substrates [48, 49]. Although intense disturbance could theoretically
enhance sediment oxygenation and suppress methanogenesis, such conditions were not evident in this
study, consistent with moderate-to-high bioturbation intensities typical of field management [8, 22, 50]. In

addition, underestimation of peak CH, fluxes by the Fe—DOY—G,.x model in the +Loach treatment implies
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470 that loach-specific mechanisms, especially physically assisted CH4 transport, were not fully captured.
471 Concurrent empirical observations of denser root systems in surface water and soils further suggest

472 enhanced plant-mediated CH4 transport contributing to elevated emissions.

1. Weakened SWI-WAI CH, barrier
2. Increased SWI Fe(lll) reduction
3. Enhanced CH, production

1. Water-air interface (WAI): floating iron biofilm
2. Soil-water interface (SW1): iron belt
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473

474 Fig. 7. Conceptual model illustrating stage-dependent pathways through which loach-mediated

475 bioturbation regulates CH, emissions in rice systems. Sustained loach activity, including grazing on aquatic

476 weeds and physical disturbance of soil surface, disrupts the SWI barrier, thereby accelerating the release of

477 dissolved CH,4 from underlying anoxic layers. Bioturbation also promotes redox transitions among soil

478 particles, enhancing nutrient cycling and rice growth. This leads to two major downstream consequences: (i)
479 increased allocation of photosynthetically fixed carbon to the rhizosphere, and (ii) denser root systems that

480 enhance deep CH,4 transport to the atmosphere. In parallel, accumulation of reduced carbon in surface soils,

481 derived from loach feces and root exudates, further promotes Fe reduction and surface methanogenesis.

482 4.3, Limitations and future research priorities

483 Despite providing long-term porewater Fe data and a mechanistic model linking loach activity to CH,4
484 emissions, several limitations remain: First, key parameters in the model (e.g., CH4 production potential, Fe
485 reduction rate and loach-enhanced transport and oxidation were derived primarily from numerical

486 optimization rather than independent experimental validation, introducing potential uncertainty. Second, gas
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transport and oxidation processes were simplified without differentiating bubble-mediated versus diffusive
pathways or surface versus rhizosphere oxidation, which may affect fine-scale interpretation of flux
mechanisms. Furthermore, the study is based on a single site and a single growing season. Hydrology,
fertilization, and temperature gradients in other systems may modulate the outcomes differently. Therefore,
extrapolating these results to other paddy systems should be done cautiously. Future work should involve
multi-site, multi-season field experiments across soils with varying Fe content and hydrological regimes,
coupled with high-temporal-resolution CH,4 flux, porewater chemistry, and microbial functional data, to

validate and extend the proposed mechanistic framework.

5. Conclusion

This study establishes surface-layer dissolved Fe as a practical and mechanistically grounded proxy for CH,
emissions in flooded rice systems under sustained bioturbation. Depth-resolved microdialysis and process-
based modeling show that surface dissolved Fe captures the integrity of the SWI as an oxidative barrier, which
ultimately controls the fraction of methane emitted to the atmosphere. An Fe-based model alone
explained >78% of seasonal CH, variability, outperforming bulk redox indicators and obviating reliance on
episodic flux measurements. By integrating cumulative redox disturbance, carbon turnover, and transport
processes, surface dissolved Fe provides a scalable alternative for estimating CH, emissions and offers a

tractable pathway for improving methane representation in wetland and rice-paddy models.
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