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ARTICLE INFO ABSTRACT

Editorial handling by: Yao Du Flooded soils play a crucial role in global carbon cycling, acting as significant reservoirs of soil organic carbon

and sources of carbon emissions. Leaf litter, especially from local vegetation, is a key contributor to soil organic

Keywords: carbon formation in these ecosystems, with its decomposition driving the production of carbon dioxide (CO3) and
Soil-water interfaces methane (CHy). Although numerous studies have examined the factors influencing leaf litter decomposition and
Methane . associated greenhouse gas emissions, the impact of millimeter-scale variations in leaf litter placement within the
Carbon dioxide . X . . . . . . .

Leaf litter soil-water interfaces (SWI) has received little attention. This study hypothesizes that even small changes in burial

depth could significantly affect the emission patterns of CO2 and CHy. To test this hypothesis, a microcosm
experiment was conducted to monitor gas fluxes and physicochemical profiles in treatments with leaf litter
placed uncovered at the SWI (LU) or covered by a thin (10 mm) soil layer (LC). The results demonstrated
substantial shifts in emissions: cumulative CH4 emissions were more than doubled in the LC group (115.3 pgC)
compared to the LU group (42.5 pgC), while cumulative CO2 emissions were reduced by 25 % in the LC group (77
mgC) versus the LU group (103 mgC). Consequently, the overall global warming potential over a 20-year horizon
(GWP20) was 13.2 % lower for the LC treatment (280.7 mgCOse) compared to the LU treatment (323.3 mgCO-ze).
These findings advance our understanding of wetland carbon dynamics by revealing that a millimeter-scale
change in leaf litter placement significantly alters the spatiotemporal patterns and partitioning of CO, and
CH,4 emissions, highlighting the critical role of micro-scale heterogeneity in regulating greenhouse gas fluxes.
Moreover, our results demonstrate a decoupling of CO2 and CH4 responses to this small-scale environmental
variation, ultimately leading to a reduction in overall global warming potential despite increased methane
release.

Physical disturbances

1. Introduction with leaf litter having a more substantial impact on SOC accumulation

than stem and root litter in forested wetlands (Ding et al., 2023; Ji et al.,

Wetlands are vital reservoirs of soil organic carbon and significant
sources of carbon emissions (Xiao et al., 2019). Relevant across diverse
ecosystems globally, from northern peatlands to tropical swamps and
agricultural paddies, they cover only 5-8 % of the global terrestrial area
but their soils contain approximately 20-25 % of global soil carbon
stocks (Mitra and Vlek, 2005; Mitsch et al., 2012; Nahlik and Fennessy,
2016). Plant litter from local vegetation plays a key role in the formation
of soil organic carbon (SOC) (Cao et al., 2020; Scharlemann et al., 2014),
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2020). Leaf litter serves as an important carbon source for forested
wetland ecosystems, and its decomposition influences the entire
ecosystem (Stoler and Relyea, 2010, 2013; Watkins et al., 2011). The
carbon and nutrients released during leaf litter decomposition fuel mi-
crobial respiration and methanogenesis in wetlands, converting the
labile carbon into carbon dioxide (CO5) and methane (CH4) (Corteselli
et al., 2017; Dusek et al., 2020).

The relationship between leaf litter decomposition and greenhouse
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gas emissions has been extensively studied in wetlands (Fan et al.,
2024). Factors such as leaf species (Yakimovich et al., 2018; Yavitt and
Williams, 2015), hydroperiod (Batson et al., 2015; Battle and Golladay,
2001; Neiff et al., 2006; Peng et al., 2022), temperature (Bridgham et al.,
2006; Ma et al., 2022), oxygen availability (Dusek et al., 2020; Neckles
and Neill, 1994), and water chemistry (Chiapponi et al., 2024) collec-
tively influence the decomposition rate of leaf litter in different types of
wetlands, thus controlling CO, and CH4 emissions. However, the impact
of leaf litter placement within wetlands remains underexplored, and its
effect on CO, and CH,4 emissions has not been well documented. The
placement of leaf litter in soil plays a crucial role in determining
decomposition rates and the subsequent emission of COy and CHy.
Factors such as burial depth, soil-litter mixing, and the removal of
aboveground litter all influence leaf litter decomposition in wetlands
(Gong et al., 2020; Hu et al., 2021; Ma et al., 2022). Decomposition
tends to be most rapid near the wetland surface, where freshly deposited
litter and newly synthesized labile organic matter are abundant (Schiff
et al., 1998). This surface oxic layer is also the primary site for the
production of CO; and CHy4 (Kayranli et al., 2009). However, the varying
positions of leaf litter and the dynamic conditions within natural wet-
lands make it challenging to accurately assess CO2 and CH4 emissions
from litter decomposition at different locations along the soil-water in-
terfaces (SWI).

The partitioning between CO, and CH4 emissions during leaf litter
decomposition is primarily governed by redox conditions at the site of
decomposition (Dusek et al., 2020; Galera et al., 2023; Nilsson and
Oquist, 2009). CO, emissions dominate under aerobic conditions (e.g.,
during dry periods or in surface soil layers), while CH4 emissions
become more pronounced under oxygen-depleted, anaerobic conditions
(e.g., high water tables, deeper soil layers) (Bridgham et al., 2013; Ding
et al., 2002; Liu et al., 2021). Critically, the transition from oxic to
anoxic conditions typically occurs across a sharp redox gradient within a
narrow depth range—often millimeters to centimeters—below the SWI
(Glud et al., 2007; Rgy et al., 2004). For example, in flooded rice pad-
dies, the redox potential within the top 2 cm of soil can decrease
dramatically from +300 mV to —100 mV, resulting in a redox gradient
as steep as 200 mV/cm (Yuan et al., 2021; Cai et al., 2022). This sharp
gradient suggests that even subtle, millimeter-scale displacements of
leaf litter across this critical interface could substantially alter the local
redox environment experienced by decomposer microbes, thereby
significantly affecting the relative production and emission patterns of
CO4, versus CHy. To our knowledge, the sensitivity of GHG partitioning
to such fine-scale placement variations has not been explicitly
investigated.

Therefore, we hypothesize that the positioning of leaf litter within
the SWI plays a critical role in determining the fate of dissolved organic
carbon and the partitioning of resulting gaseous emissions. We propose
that even minor variations in burial depth across the SWI, on the order of
millimeters, can significantly influence CO, and CH,4 emission patterns
from wetlands, potentially complicating model predictions. To test this
hypothesis, we conducted a microcosm experiment in which COy and
CH4 emissions were monitored after placing leaf litter at two closely
spaced depths relative to the SWI. In parallel, we measured high-
resolution profiles of dissolved oxygen (DO), redox potential (Eh),
fluorescent dissolved organic matter (fDOM), and microbial community
indicators across the different treatments. These results could enhance
the accuracy of models that estimate CO; and CH4 emissions from
wetlands by incorporating micro-scale spatial heterogeneity.

2. Materials and methods
2.1. Collection of soil, water, and leaf litter
A rice paddy soil was collected from a farmland in Kunshan, Jiangsu

Province, China. The soil was air-dried under room temperature. The
gravel and plant litter were removed from the soil with a 1-mm mesh
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sieve. Basic physico-chemical properties of the soil are provided in the
supplementary material (Table S1). Surface water was collected from a
local pond near the soil sampling site in Kunshan, Jiangsu Province. The
water was filtered with 0.45 pm filter cartridge and then autoclaved. The
sterile surface water was stored in 1-L Schott bottle <4 °C before use.
The fresh leaf litter from Liriodendron Chinense was collected on campus
and stored in a sterile plastic bag before use.

2.2. Microcosm experiment

Open-top microcosms were constructed in square PVC vessels (100
mm X 100 mm x 120 mm) using the collected paddy soil and prepared
surface water. Soil was gently packed into each vessel to achieve a
consistent bulk density of 1.1 g/cm® and a height of 60 mm. Prepared
surface water was then carefully added to create an overlying water
column of 30 mm, minimizing disturbance to the soil surface. These
microcosms were incubated in a temperature-controlled room main-
tained at approximately 20 + 1 °C throughout the incubation period. To
offset evaporation, sterile ultrapure water was added daily to a pre-
marked line on each vessel to maintain the initial water level precisely.

To test the hypothesis regarding litter placement, three experimental
groups were established, with two replicates per group (n = 2). In the
first group, Litter Uncovered (LU), 0.8 g of dry leaf litter was added and
allowed to settle uncovered at the SWI In the second group, Litter
Covered (LC), 0.8 g of dry leaf litter was similarly added, but after
settling (about 4 h), it was gently covered with approximately a 10-mm
thick layer of the underlying topsoil using a sterile stainless steel spatula.
A control group, No Litter (NL), consisting of soil and overlying water
without any leaf litter addition, was included to monitor background
activity.

Gas fluxes (COy and CH4) from the microcosm headspace were
monitored immediately after litter addition (0 h), and again at 5 h and
15 h post-addition. Subsequently, measurements were continued daily
for the remainder of the incubation period. Physicochemical profiles
(DO, Eh, and fDOM) in the overlying water and porewater were
analyzed at baseline (Day 0, prior to litter addition) and again on Days 3
and 14. Porewater samples were collected using Integrated Porewater
Injection (IPI) samplers with a depth resolution of 2 mm (Yuan et al.,
2019; Zhang et al., 2023).

2.3. Measurement of carbon dioxide and methane fluxes

The real time concentration of CO, and CH4 was monitored using the
LI-7810 trace gas analyzer (LI-COR, USA) and the closed dynamic
chamber on daily basis. Every measurement takes 90 s, and the readings
are fitted with a linear line. The slope of linear fitting line is the
approximate emission rate and used to calculate the gas fluxes. A more
detailed description of the chamber measurement is provided in the
supplementary information. The global warming potential over a 20-
year timescale (GWP20) is calculated after the AR6, with a factor of
81 chosen for biogenic CH4 (IPCC, 2021).

2.4. Fluorescent dissolved organic matter characterization

The excitation-emission matrix (EEM) of the sterile and filtered
surface water and leaf litter leachate was characterized with Cary
Eclipse fluorescence spectrometer (Agilent Technologies, USA). The
EEM program parameters are as follows: scanned excitation from 200 to
450 nm every 5 nm at a rate of 1200 nm/min; detected emission from
300 to 550 nm with a slit width of 10 nm; the voltage of photomultiplier
at 700 V.

The fluorescent components of dissolved organic matters in over-
lying water and porewater samples was analyzed using the 1260 Infinity
high performance liquid chromatography (HPLC) system (Agilent
Technologies, USA) equipped with an Agilent Zorbax Eclipse Plus C18
column (4.6 x 150 mm, 5 pm particle size), a fluorescence detector
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(FLD), and a diode array detector (DAD). An autosampler injected a 5 pL.
aliquot of each sample. A gradient elution program of acetonitrile and
10 mM sodium acetate aqueous buffer is modified from a previous work
(Li et al., 2013). Based on the EEM results, the parameters of FLD and
DAD were optimized as follows: for FLD excitation at 207, 230, 315 nm,
emission at zero order; for DAD absorption at 254 nm as proxy of aro-
matic compounds.

Due to the complex and uncharacterized nature of the naturally
derived fluorescent compounds leached from the litter, external cali-
bration standards were not employed. The relative intensity or con-
centration of fDOM components was assessed based on the integrated
peak area of the fluorescence signal obtained from the detector at the
specified excitation/emission wavelengths.

2.5. In situ measurement of dissolved oxygen and redox potential

The dissolved oxygen and redox potential were profiled with
commercially available (EasySensor, China) and self-made microelec-
trodes. The microelectrodes are mounted on the coordinate measuring
system (see Section 2.4) and connected to CHI 1040 potentiostat
(Chenhua Instrument, China). Each profile starts at 20 mm above the
SWI and ends at 40-mm below the interface. The readings were logged
every 2 mm with a 30 s cycle.

2.6. Nucleic acid extraction

By end of the incubation, the water layer was collected into 50 mL
sterile centrifuge tubes. The soil cores were collected in headless 5 mL
syringe using the core sampling tool (see Section 2.5) and then sealed
with parafilm. Both water samples and soil cores were frozen at —40 °C
immediately after collection. For each replicate, 150 mm water samples
were thawed and filtered through the sterile 0.22 pm mixed cellulose
esters membranes. The soil cores were segmented in 3 mm thick aliquot.
Each soil aliquot was directly transferred into a 2 mm cryotube and
weighed. The DNA from water and soil were extracted with the FastDNA
Spin Kit (MP Biomedical, USA). The size of genomic DNA was verified
using agarose gel electrophoresis. The DNA quality and concentration
was determined using Nanodrop and Qubit (Thermo Fisher Scientific,
USA).

2.7. Marker gene quantification

Each PCR reaction was carried out in 20.0 pL mixture and contained
1.0 pL DNA template, 10.0 uL TB Green Premix Ex Taq (Tli RNaseH Plus)
(Takara Bio, RR420A), 1.0 pL of each primer (10 pM), and nuclease-free
water. The primer pairs were chosen for the V4 region of 16S rRNA gene
(515F: 5'GTGCCAGCMGCCGCGGTAA3, 806R: 5GGACTACHVGGGT
WTCTAAT3"). The qPCR reactions were performed in triplicate under
thermal cycler conditions of 15 min at 95 °C, and 39 cycles of 10 s at
95°C, 30sat55°Cand 32 s at 72 °C in a 96-well format LightCycler 480
Real-Time PCR System (Roche). All results were normalized and calcu-
lated using the ACt method.

2.8. Amplicon sequencing and analysis

The V3-V4 region of 16S ribosomal RNA gene was amplified using
the primer pairs 341F (5‘CCTACGGGAGGCAGCAG3) and 806R
(5GGACTACHVGGGTWTCTAAT3'). The length of amplified region is
roughly 470 bp. The sequences were obtained on the NovaSeq 6000
platform (Illumina, USA) with a 2 x 250 bp paired-end run. The raw
sequence files will be later deposited in an online archive.

The raw sequencing data was denoised and merged using the DADA2
pipeline (Callahan et al., 2016). The taxonomy of the amplicon sequence
variants was assigned using QIIME2 and the latest SILVA database
(Bolyen et al., 2019; Quast et al., 2013). The metabolic functional po-
tential of the microbial communities was predicted using PICRUSt2
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pipeline (Barbera et al., 2019; Douglas et al., 2020; Louca and Doebeli,
2018; Ye and Doak, 2009).

2.9. Statistical analysis

All experimental treatments, including the control group (NL), leaf
litter uncovered (LU), and leaf litter covered (LC), were performed with
two replicates (n = 2) 1. Given the low number of replicates per group,
the statistical power to detect significant differences using standard
inferential tests (e.g., t-tests, ANOVA) is inherently limited, and as-
sumptions underlying these tests cannot be reliably verified.

Consequently, comparisons between treatment groups presented in
this study primarily rely on descriptive statistics and the consistent
observation of effects across replicates. Key metrics reported include
mean values and range (minimum to maximum) for cumulative gas
emissions (CO,, CHy), along with calculated fold-changes or percentage
differences between treatments. Temporal variations in gas fluxes,
physicochemical parameters (DO, Eh, fDOM), and microbial abun-
dance/pathway potential are presented graphically, illustrating the
mean trends and variability (range or individual replicates where
appropriate). Interpretation of treatment effects is based on the
magnitude and consistency of these observed differences, supported by
corroborating evidence across the multiple measured parameters.

3. Results
3.1. Temporal variation in carbon dioxide and methane fluxes

The CH4 fluxes from the flooded soils were monitored from the
treatments with or without the leaf litter amendment (Fig. 1a). Clear
distinctions in CHy flux patterns were observed between the LU and LC
groups, while the NL group released nearly no CHy. In the LC group, CHy
fluxes increased immediately after amendment and peaked at an emis-
sion rate of 0.52-0.76 gC/m?/y on day 5. These fluxes remained around
0.6 gC/m?%/y until day 8 and then diminished to almost zero by day 21.
In contrast, the CHy flux curve for the LU group exhibited a more gradual
increase, reaching a maximum intensity of 0.2 gC/m2/y on day 8,
approximately one-fourth of the LC group’s peak.

The CO; fluxes for the LU and LC groups exhibited similar trends
(Fig. 1b). Both groups experienced an initial peak in CO, fluxes,
reaching levels between 157 and 221 gC/m?/y in day 1. From day 2 to
day 11, the intensity of CO, fluxes declined and fluctuated between 101
and 192 gC/m?/y, followed by a subsequent gradual decrease. Eventu-
ally, COy fluxes leveled off within a range of 71-120 gC/m%/y,
remaining stable until the 24-day incubation period terminated. During
this stage, the CO fluxes in the LU group were, on average, approxi-
mately 20 % greater than those in the LC group.

The overall cumulative CH4 and CO, emissions are presented in
Fig. 2. The LU and LC groups emitted 42.5 pgC and 115.3 pgC of CHy,
respectively (Fig. 2b). The LC group’s CH4 emissions were more than
double those of the LU group. Notably, the NL group did not emit any
CHy, suggesting that CH4 production is surely attributed to the litter
amendment. CO5 emissions from the LU and LC groups were 103 mgC
and 77 mgC, respectively, by the end of the experiment (Fig. 3a). One
centimeter repositioning of leaf litter resulted in a 25 % reduction in
overall CO5 emissions, reflecting the lower CO; fluxes during the late
stage of incubation in the LC group. The potential impact on climate
change was assessed using the GWP20 metric (Fig. 3c) The GWP20
values for the LU and LC groups were 323.3 mgCOqe and 280.7 mgCOxze,
respectively. Despite the doubling of CH4 emissions due to leaf litter
perturbation, the GWP20 of the LC group was still 13.2 % lower than
that of the LU group, due to the reduced CO, release.

3.2. Depth profiles of dissolved oxygen and redox potential

The depth profiles of DO were monitored on days 0, 3, and 14
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Fig. 1. Temporal variations in greenhouse gas fluxes from individual microcosms (n = 2 biological replicates per treatment). (a) Carbon dioxide fluxes. (b) Methane
fluxes. Lines connect the measurements for each individual replicate. Treatments: NL = No Litter control; LU = Litter Uncovered (leaf litter placed at the soil-water

interfaces); LC = Litter Covered (leaf litter covered with a 10-mm-thick soil layer).
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Fig. 2. Cumulative greenhouse gas emissions and Global Warming Potential over the 24-day incubation period for individual microcosms (n = 2 biological replicates
per treatment). (a) Cumulative carbon emission as carbon dioxide. (b) Cumulative carbon emission as methane. (¢) Combined Global Warming Potential over a 20-
year horizon. Each bar represents the value for one individual biological replicate. Treatments: NL = No Litter control; LU = Litter Uncovered (leaf litter placed at the
soil-water interfaces); LC = Litter Covered (leaf litter covered with a 10-mm-thick soil layer).

(Fig. 3a—c). Prior to the leaf litter amendment, all groups exhibited
consistent vertical patterns of DO (Fig. 3a). The DO concentration
ranged from 3.1 to 3.8 mg/L in the oxic water layer, gradually declining
at the SWI. Aerobic conditions were noted at 20 mm below the SWI. On
day 3, the vertical patterns of DO differentiate in both the LU and LC
groups, while the DO profiles in the NL group remained relatively un-
changed. In both treatment groups, the DO concentration in the over-
lying water decreased, with the LC group exhibiting a slightly higher
concentration than the LU group (Fig. 2b). Additionally, the gradient in
DO profiles became more pronounced, with an elevated front of
downward-going DO flux. The thickness of the redox transition zone was
reduced to 5 mm and 10 mm in the LU and LC groups, respectively.
Similar vertical patterns of DO were observed on day 14 (Fig. 3c),
indicating the persistence of the treatment’s effects.

The depth profiles of Eh were also monitored on days 0, 3, and 14
(Fig. 3d-f). Before treatment, all groups displayed similar vertical Eh
patterns (Fig. 3d); the Eh values remained constant at approximately
220 mV in the oxic water layer and the top soil layer, and drop roughly
—80 mV at 40 mm depth. By day 3, both treatment groups exhibited
reduced Eh at the water and top soil layers. In the LU group, there was a
slight decrease of around 30 mV at the interface where the leaf litter was
placed, as well as in the upper soil layer. Similar Eh drop at where the
leaf litter was placed was also observed in the LC group. On day 14,
further decreases in Eh values were noted. The LU group experienced an
enhanced decline of up to 100 mV in the topsoil layer relative to the NL
group. In the LC group, the maximum decrease of about 150 mV
occurred at 15 mm below the SWI. However, the uniformity of the Eh

profiles on day 14 within the same group was not as consistent as at
earlier time points. This variability suggests that the heterogeneity
developing in the surface soil layer due to the uneven distribution of
degraded leaf litter may have influenced the results. Overall, the Eh
profiles indicate that the surface soil layer quickly became reducing
following the addition of leaf litter, with the most pronounced effects
occurring near the litter material.

3.3. Depth profiles of fluorescent dissolved organic matter

fDOM levels were measured to represent the degraded products from
leave litter. The depth profiles of fDOM were examined on days 0, 3, and
14 (Fig. 4). Prior to treatment, the background fluorescence was
generally low, with a few exceptions noted in the soil layer deeper than
10 mm below the SWIs (Fig. 4a). Following the addition of leaf litter,
there was a rapid release of fDOM (Fig. 4b) at day 3. In the LU group,
fDOM levels in the overlying water rose to between 50 and 60 arbitrary
units (a.u.), while the LC group (containing a water overlay, due to the
leaf litter settling at the SWI) experienced an increase of approximately
37 a.u. The variation in fDOM signals suggests that the labile DOM was
rapidly diffused from where leaf litter buried to the overlaying top water
and the soil layer. By day 14, the fDOM signal intensity had diminished
in both treatment groups where the leaf litter was at the SWI (LU in
Fig. 4c) or buried by 10 mm (LC in Fig. 4c), although it remained
significantly higher than that of the control group. The f{DOM signals in
the LU and LC groups persisted at around 25 a.u. and 20 a.u., respec-
tively, slightly higher than the DOM level in the LU group.
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Fig. 3. Spatial distribution of Dissolved Oxygen (DO) and Redox Potential (Eh) across the soil-water interfaces (SWI) at different time points for individual mi-
crocosms (n = 2 biological replicates per treatment). (a) DO on Day 0 (baseline). (b) DO on Day 3. (c) DO on Day 14. (d) Eh on Day 0 (baseline). (e) Eh on Day 3. (f)
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Uncovered; LC = Litter Covered.

3.4. Abundance and distribution of microbial communities

The abundance of total microbial biomass was estimated via 16S
rRNA gene copies and the predicted potential for key methanogenesis
pathways along the SWI were measured at the end of the incubation
period to explore potential microbial drivers of the observed emission
patterns (Fig. 5).

The addition of leaf litter clearly stimulated microbial growth near
the litter placement zone compared to the NL control. In the LU group,
the highest abundance of 16S rRNA gene copies (ca. 1.4 x 107 copies/g
soil) occurred right at the SWI (Fig. 5d), consistent with decomposition
occurring at the surface. This abundance decreased sharply with depth,

reaching background levels by 7.5 mm below the SWI. In contrast, the
LC group showed peak microbial abundance (ca. 1.1 x 10 copies/g soil)
centered around 13.5 mm depth (Fig. 5d), directly corresponding to the
zone where the litter was buried. This confirms that the added litter
served as a substrate stimulating microbial growth specifically in the
zone of placement.

The predicted functional potential for methanogenesis also differed
markedly between treatments and locations, potentially explaining the
contrasting CH4 dynamics. Acetoclastic methanogenesis (AM) potential
was notably elevated in the soil layer surrounding the buried litter in the
LC group (10-15 mm depth, Fig. 5e). This localized increase in predicted
AM potential aligns spatially with the buried litter and temporally with
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the rapid, high initial CH4 peak observed exclusively in the LC treatment
(Fig. 1b). This suggests that direct substrate supply to methanogens in
this anoxic zone fueled intense, albeit short-lived, CH4 production.
Conversely, in the LU group, the highest predicted AM potential was
detected in the overlying water (Fig. 5b), while soil potential remained
similar to the control (Fig. 5e). This suggests that in the LU treatment,
labile dissolved organic matter leaching from the surface litter (indi-
cated by fDOM profiles, Fig. 4b) may have fueled methanogenesis pri-
marily in the water column or at the immediate interface, potentially
contributing to the lower, more sustained CH4 emissions observed
(Fig. 1b). The predicted potential for hydrogenotrophic methanogenesis
(HM) was consistently low across all treatments and depths in both
water and soil compartments (Fig. 5c and f), indicating that acetoclastic
methanogenesis was likely the dominant pathway stimulated by the
litter addition under these experimental condition.

4. Discussion
4.1. Distinct patterns in methane and carbon dioxide emissions

Our findings demonstrate that the addition of leaf litter significantly
enhances both CH4 and CO; emissions, but the temporal patterns and
partitioning of these emissions vary dramatically depending on the
millimeter-scale placement of the litter relative to the SWI.

When leaf litter was placed on the surface (LU treatment), it un-
derwent rapid aerobic and anaerobic decomposition, leading to high
initial CO, emissions (Fig. 1a). CH4 emissions were also elevated but
showed a delayed, lower, and more prolonged peak compared to the LC
treatment (Fig. 1b). This pattern likely resulted from several interacting
processes: (1) Inhibition of CH4 oxidation due to oxygen consumption by
aerobic decomposers near the surface litter, restricting oxygen diffusion
deeper (Elberling et al., 2011), consistent with the lowered Eh near the
SWI (Fig. 3e and f). (2) Leaching of labile organic matter (indicated by
high fDOM in overlying water, Fig. 4b) fueling methanogenesis,

potentially by acetoclastic pathways detected predominantly in the
water column for the LU group (Fig. 5b), leading to sustained but
moderate CHy release. Conversely, when leaf litter was covered by a thin
soil layer (LC treatment), the overlying soil acted as a barrier, limiting
oxygen diffusion to the litter (Lorker et al., 2003; Gundersen and
Jorgensen, 1990), resulting in significantly lower CO2 emissions
compared to LU (Figs. 1a and 2a). This placement created a localized
anoxic hotspot. The addition of litter stimulated anaerobic microbial
communities (Nottingham et al., 2009), evidenced by the peak in 16S
rRNA gene copies around the buried litter depth (Fig. 5d). Crucially, the
predicted potential for acetoclastic methanogenesis was markedly
elevated specifically in this buried litter zone (Fig. 5e). This strongly
suggests that the direct availability of substrate in this anoxic zone
fueled rapid and intense CH4 production, explaining the high,
short-lived CH4 peak observed in the LC treatment (Fig. 1b). The sub-
sequent decline in CH4 emissions might indicate substrate limitation
within this buried zone or shifts in microbial community dynamics over
time. The observation of distinct temporal emission patterns (prolonged
vs. short-lived peaks) in other litter addition studies (Gong et al., 2020)
might, as suggested by our results, be partly attributable to subtle, often
uncontrolled, variations in litter positioning relative to the dominant
redox zones.

Furthermore, considering the fate of the added carbon, the sub-
stantially lower CO5 emissions in the LC treatment far outweighed the
increase in CH4 emissions compared to the LU treatment. This resulted
in a lower total gaseous carbon loss under shallow burial conditions over
the incubation period. This suggests that placing litter even slightly
below the soil surface, thereby promoting anaerobic decomposition
pathways, could lead to greater retention of the added organic carbon
within the soil system compared to surface placement where aerobic
mineralization dominates carbon loss as CO;.

Our findings indicate that even minor disturbances, on the scale of
millimeters, in the placement of leaf litter can significantly alter CH4 and
CO, emissions in ecosystems such as wetlands and rice paddies. This
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Fig. 5. Spatial patterns of microbial abundance and predicted methanogenic pathways at the end of the incubation period. (a, d) 16S rRNA gene copy numbers (mean
+ standard deviation of n = 3 technical replicates) shown for each biological replicate (n = 2) in the (a) water column (copies/mL) and (d) soil column (copies/g
soil). (b, e) Predicted relative abundance of the acetoclastic methanogenesis (AM) pathway shown for each biological replicate (n = 2) in the (b) water column and
(e) soil column. (c, f) Predicted relative abundance of the hydrogenotrophic methanogenesis (HM) pathway shown for each biological replicate (n = 2) in the (c)
water column and (f) soil column. Lines connect the measurements for each individual replicate profile. The white background denotes the overlying water column,
and the gray background denotes the soil column. The dashed line indicates the approximate position of the SWI (0 mm depth). Treatments: NL = No Litter control;

LU = Litter Uncovered; LC = Litter Covered.

suggests that overlooking the effects of hydrological processes and
bioturbation could introduce substantial uncertainties in wetland CH4
budgets and their feedback mechanisms with climate change (Jones
et al., 2020).

4.2. Implications for wetland carbon budget

Although the accumulated CH4 emissions doubled when the leaf
litter was moved from the surface of the SWI to 10 mm below, the 20-
year global warming potential (GWP20) was lower in the treatment
with buried leaf litter, due to significantly lower CO, emissions. This
finding highlights the importance of conducting a whole-life analysis of
plant litter decomposition and its impact on greenhouse gas emissions.

Farmers frequently amend soils with organic matter, primarily in the
form of straw, to improve soil fertility by increasing the reservoir of
organic matter and essential nutrients for crop growth. However, the
practice of incorporating straw into paddy systems has been debated due
to the potential for increased CH4 emissions arising from the anaerobic
decomposition of straw in waterlogged rice fields. Our findings suggest
that burying plant litter, even under a thin soil layer, can reduce its
impact on greenhouse gas emissions while also promoting greater car-
bon storage in anoxic environments. Numerous studies have shown that
straw addition, for instance, through straw return, can significantly
enhance CH4 emissions, especially when soils without straw serve as the

control (Ye et al., 2015; Yuan et al., 2018; Jiang et al., 2019). A more
comprehensive approach to evaluating the consequences of straw return
would consider the broader fate of straw, as most is ultimately converted
to CO, or other greenhouse gases through burning, feeding to livestock,
or composting.

Our findings demonstrate that small-scale spatial variations signifi-
cantly influence the fate of organic carbon in wetlands. Existing
modeling frameworks typically account for microbial processes (e.g.,
methanogens and CH4 oxidizers) and redox-active compounds (e.g.,
nitrate, sulfate, and organic substrates) in the environment. However,
our study provides evidence that geographic patterns, particularly the
vertical distribution of plant litter along the redox gradient at the SWI,
are also critical factors influencing carbon fate. The trade-off between
CO2 and CH4 emissions is highly sensitive to the placement of leaf litter
within the SWI. As burial depth increases, leaf litter produces less CO»
and more CHy, with the ratio shifting rapidly at the millimeter scale. Our
experiment reveals that rearranging leaf litter near the SWI can signif-
icantly alter the balance of CO, and CH4 emissions, as well as the
GWP20. We therefore recommend incorporating the effects of leaf litter
placement on carbon dynamics in future modeling efforts. Furthermore,
understanding these micro-scale controls could inform management
strategies for organic matter inputs in constructed or restored wetlands
aimed at optimizing carbon sequestration and minimizing net green-
house gas emissions.
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4.3. Limitations and future research

While this study provides valuable insights into the effects of
millimeter-scale litter placement, certain limitations should be
acknowledged when interpreting the results. The experiments were
conducted under controlled laboratory conditions (e.g., constant tem-
perature, static water column without hydrological flow), which may
not fully replicate the dynamic environmental variability found in nat-
ural wetlands or agricultural fields. The use of a single soil type and a
single leaf litter type limits the generalizability of the findings to other
soil types or plant residues with different decomposability characteris-
tics. Furthermore, the relatively short duration of the incubation may
not capture the full long-term decomposition dynamics and associated
emissions. The low number of replicates restricts the use of formal sta-
tistical inference, although the observed differences in emissions were
substantial and consistent with physicochemical and microbial
indicators.

Future research should aim to validate these findings under field
conditions, incorporating natural environmental fluctuations (temper-
ature, hydrology) and biotic factors (e.g., bioturbation). Studies
employing a wider range of soil types and litter/residue types with
varying C:N ratios and lignin content would enhance the applicability of
the results. Longer-term experiments are needed to understand the
persistence of these placement effects on carbon cycling and storage.
Investigating the specific microbial communities and functional genes
involved in decomposition and GHG production under different place-
ments using higher-resolution molecular techniques would provide
deeper mechanistic insights. Finally, exploring the interaction between
litter placement and other factors, such as nutrient availability or water
level fluctuations, would further refine our understanding of micro-scale
controls on wetland carbon dynamics.

5. Conclusion

This study provides strong evidence that millimeter-scale variations
in the placement of leaf litter within the SWI of wetlands can signifi-
cantly influence greenhouse gas emissions, particularly CO, and CHy.
Our microcosm experiments demonstrate that even minor changes in
burial depth can alter the pathways and rates of organic matter
decomposition, leading to substantial differences in gas fluxes. These
findings suggest that existing models of wetland carbon dynamics,
which often assume uniform conditions at the SWI, may overlook
important small-scale heterogeneities that play a crucial role in carbon
cycling and greenhouse gas emissions. The implications of this research
extend beyond scientific understanding, influencing strategies for miti-
gating climate change. Given the recognition of wetlands as key con-
tributors to global carbon storage and emissions, accounting for micro-
scale variations in leaf litter decomposition could enhance the accuracy
of carbon flux predictions and improve the effectiveness of wetland
management practices. Moreover, this study underscores the need for
high-resolution environmental data and more sophisticated modeling
approaches that capture the complexity of natural systems. Future
research should focus on investigating the mechanisms driving the
observed effects of leaf litter placement on gas emissions, and expanding
these findings to diverse wetland types and environmental conditions.
By advancing our understanding of these processes, we can better pre-
dict the role of wetlands in the global carbon cycle and develop more
informed conservation and management strategies to optimize their
potential for climate change mitigation.
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