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Abstract

Rice agriculture feeds over half the world’s population, and paddy soils impact the carbon cycle through
soil organic carbon (SOC) preservation and production of carbon dioxide (CO,) and methane (CH), which
are greenhouse gases (GHG). Rice husk is a nutrient-rich, underutilized byproduct of rice milling that is
sometimes pyrolyzed or combusted. It is unresolved how the incorporation of these residues affects C
dynamics in paddy soil. In this study, we sought to determine how untreated (Husk), low-temperature
pyrolyzed (Biochar), and combusted (CharSil) husk amendments affect SOC levels, GHG emissions, and
dissolved organic matter (DOM) chemistry. We amended Ultisol paddy mesocosms and collected SOC
and GHG data for three years of rice grown under alternate wetting and drying (AWD) conditions. We
also performed a greenhouse pot study that included water management treatments of nonflooded,
AWD, and flooded. Husk, Biochar, and CharSil amendments and flooding generally increased SOC
storage and CH,4 emissions, while nonflooded conditions increased N,O emissions and nonflooded and
CharsSil treatments increased CO, emissions. All amendments stored ~0.15 kg C m™ y* more SOC than

CH,4 emissions (as CO; equivalents), but the combustion of husk to produce CharsSil resulted in the net
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release of CO, which negates any SOC storage. UV-visible absorption/fluorescence spectroscopy from
the pot study suggests that nonflooded treatment decreased DOM aromaticity and molecular size. Our
data show that flooding and amendment of Husk and Biochar maximized C storage in the highly
weathered rice paddy soil under study despite Husk increasing CH4 emissions. Water management
affected dissolved organic matter chemistry more strongly than amendments, but this requires further
investigation. Return of rice husk that is untreated or pyrolyzed at low temperature shows promise to

close nutrient loops and preserve SOC in rice paddy soils.
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1. Introduction

Carbon (C) is the most dynamic soil constituent and is closely intertwined with soil health and climate
change. Soil organic carbon (SOC) is the dominant form of carbon in soils and has ~4 times more C than
the atmosphere or biotic pool (Lal, 2004). The SOC content increases through primary productivity
inputs and decreases through oxidation to carbon dioxide (CO;), erosion, and leaching of dissolved
organic carbon (DOC) (Lal, 2004). Conversion of native soils to agriculture can deplete 60-75% of SOC
(Lal, 2004; Paul, 2016), but rice cultivation can preserve SOC due to high carbon inputs and flooded,
suboxic conditions (Kalbitz et al., 2013), which are usually maintained for a portion of the year. This
process is similar to natural wetland soils, which accumulate large amounts of SOC with long turnover

times (Paul, 2016; Wu et al., 2020).

The suboxic conditions in flooded paddy soils that protect SOC also promote the production of methane
(CH4), a potent greenhouse gas. Rice agriculture is responsible for 12-26% of anthropogenic CH,4
emissions worldwide (Denman et al., 2007; Smith et al., 2007). Some studies suggest that the SOC
increase in paddy soils is more than offset by CH, emissions (Xionghui et al., 2012). Methane is produced
and consumed in soils, and most of the CH, emitted to the atmosphere from rice production travels
through aerenchyma tissues in plants (Banker et al., 1995; Brye et al., 2013; Kludze et al., 1993; Mer et

al., 2007).

The treatment and incorporation of crop residues into paddy soils can also affect carbon cycling. Rice
straw residue incorporation can increase CH, emissions by a factor of 1.4-20 depending on the
environmental conditions (e.g., soil, temperature, and experimental design (Bossio et al., 1999;
Delwiche and Cicerone, 1993; Penido et al., 2016; Xionghui et al., 2012; Ye and Horwath, 2017). Rice
husk, the inedible covering of rice grain and currently an underutilized “waste” byproduct that

accumulates at rice mills (Minami and Saka, 2005), does not increase CH4 emissions as much as rice
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straw (Bertora et al., 2020; Gutekunst et al., 2017; Penido et al., 2016), but it is unknown what the
balance between CH,; emission and SOC storage is for untreated and pretreated rice husk amendments
in paddy soil. Rice plants produce ~5 times more straw than husk, and incorporating straw can increase
SOC (Bierke et al., 2008; Liu et al., 2014; Rahman et al., 2016; Xionghui et al., 2012; Zhang et al., 2012)
and further protect C inputs (Chen et al., 2018), but less is known about how rice husk affects the soil C
cycle. Husk has been proposed as a low-cost soil amendment that can return significant amounts of
nutrients (primarily silicon as well as nitrogen, phosphorus, and potassium) to paddy soils (Gutekunst et
al., 2017; Limmer et al., 2018; Linam et al., 2021; Runkle et al., 2021; Seyfferth et al., 2019, 2016, 2013;
Teasley et al., 2017) and it has less arsenic than straw (Penido et al., 2016). Rice husk is sometimes
pyrolyzed or combusted to biochar or ash to decrease its mass (Koyama et al., 2015). While burning rice
straw residues in the field can store recalcitrant black carbon in paddy soils (Lehndorff et al., 2016),
there is a lack of consensus about whether charring rice husk stores more (Haefele et al., 2011; Koyama
et al., 2015), less (Koyama et al., 2016), or the same (Koyama and Hayashi, 2017) amount of SOC

compared to the untreated husk.

Rice paddy soils can also emit significant quantities of the greenhouse gases CO; and nitrous oxide
(N20), particularly when drained, as in nonflooded or alternate wetting and drying (AWD) water
management. When O, enters paddy soils, N,O is produced during the nitrification/denitrification
process (Khalil et al., 2009; Verhoeven et al., 2019); this leads to a trade-off with CH4 production
(Linquist et al., 2015; Yu and Patrick, 2003). Soil incorporation of crop residues may increase N,O
emission in nonflooded conditions, though this remains unresolved (Liu et al., 2014). While CO; is
ubiquitous in all redox/flooding conditions, its emissions also increase with soil redox potential (Eh) (Yu
and Patrick, 2003). Rice straw can increase CO, emissions, especially from low SOC soils (Ye and
Horwath, 2017) and in nonflooded conditions (Liu et al., 2014). Data suggests that untreated (but not

charred) husk may increase CO; as well (Koyama et al., 2015), but this is understudied.
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The most active and least understood component of the soil C cycle is DOC, which is part of the broader
dissolved organic matter (DOM) pool. Suboxic/anoxic conditions in flooded paddy soils result in higher
concentrations of DOC than in oxic soils. It is thought that DOM serves as the substrate for both
greenhouse gas (CO; and CH,) production and SOC formation (Bertora et al., 2020; Kalbitz et al., 2000;
Kogel-Knabner et al., 2010). Different soils and residues produce DOM with varying lability and stability
(Kalbitz et al., 2003). Rice residues seem relatively recalcitrant (Zhu et al., 2017) but contribute more to
the DOM pool in soils with low SOC content (Ye and Horwath, 2017). It is, therefore, important to

understand how soil management affects DOM chemistry.

Dissolved organic matter consists of complex structures with various functional groups, which leads to a
great diversity of molecules. A subset of DOM molecules actively absorb light (chromophoric DOM,;
CDOM), and a subset of these molecules also fluoresce light (fluorescent DOM; FDOM) (Coble et al.,
2014; Li and Hur, 2017). UV-visible spectroscopy measures light absorption by CDOM from ~250-700
nm. Through comparison to more sophisticated techniques such as 3C-NMR, certain portions of the
absorption spectrum have been shown to indicate DOM chemical makeup (Li and Hur, 2017). This
includes the specific absorbance at 254 nm divided by DOC concentration (SUVA2s4) which is correlated
to aromaticity (Traina et al., 1990; Weishaar et al., 2003), spectral slope from 275-295 nm (Sz75.205) and
slope ratio (Sg) which are inversely correlated to molecular weight or lignin character of DOM (Helms et
al., 2008), and absorption ratio at 250 nm/365 nm (E2/E3) which is inversely correlated to molecular
weight and aromaticity (Li and Hur, 2017; Peuravuori and Pihlaja, 1997). Developments in UV-visible
spectroscopy have allowed the simultaneous collection of absorption and fluorescence data to measure
FDOM. These data can be processed into excitation-emission matrices (EEMs) that can give further
insight into DOM chemistry, source, and structure (Coble et al., 2014, 1993; Cory and McKnight, 2005;
McKay, 2020; Murphy et al., 2014; Stedmon and Bro, 2008). Importantly, these techniques avoid

chemical alterations due to pretreatment found in fulvic/humic acid analysis. UV-visible absorption
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spectroscopy and especially EEMs have yet to be explored thoroughly for characterizing DOM in paddy

soil.

To address these knowledge gaps, we conducted a field mesocosm and greenhouse pot study to
understand how rice husk amendments with and without pretreatment affect SOC preservation,
greenhouse gas emission, and DOM chemistry in a highly weathered Ultisol paddy soil. We hypothesized
that: 1) Untreated rice husk amendment will increase C in SOC more than it will increase CH4 emissions;
2) Pyrolyzed and combusted husk will not increase greenhouse gas emissions relative to control; 3) CHs
and N>O emissions will trade-off with Eh and global warming potential (GWP) will be minimized under
AWD water management; and 4) Pyrolyzed and combusted husk amendments will produce DOM that is

more aromatic/humic in nature.

2. Materials and methods

2.1. Amendment characterization

Three rice husk amendments were investigated in this study. Untreated husk (“Husk”) and husk
incinerated at high (>1000°C) temperatures (“CharSil”) were collected from Riceland Mills in Stuttgart,
AR, USA. Rice husk biochar (“Biochar”) was produced from the untreated husk in a pyrolysis oven at
450°C, as described previously (Linam et al., 2021). Briefly, the husk was packed into air-limiting steel
canisters and pyrolyzed in an oven held at 450°C for 39 minutes. Canisters were removed from the oven,
sealed, and allowed to cool. In this manuscript, lowercase terms (e.g., “husk” and “biochar”) will refer to
general materials, while capitalized terms (e.g., “Husk” and “Biochar”) will refer to our amendments and

treatments.

To determine their elemental composition, amendments were ground and digested with concentrated
HNO;s in Teflon vessels using a microwave digester (MARS6 Xpress, CEM Corporation) following
previously established procedures (Seyfferth et al., 2016). These digests were analyzed via ICP-MS to

7
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determine potassium (K) and phosphorus (P) concentration in the amendments. The acid-insoluble, Si-
gel fraction was centrifuged and washed before being dissolved in 2M NaOH; Si concentration was then
determined via the molybdenum blue method (Kraska and Breitenbeck, 2010). A series of standard
spikes were performed on these extracts to account for interference from dark carbonized residues in
the Biochar and CharSil samples. The concentrations of C and N in the amendments were determined

via CHN combustion analysis (Vario Cube, Elementar).

2.2. Experimental design

2.2.1. Mesocosm study

Twelve rice paddy mesocosms (“Paddies”) were established on the University of Delaware farm in
Newark, DE, USA. The field had been used as an orchard ~60 years before but had been a grassland for
at least 8 years prior. The paddies are 2 x 2 m with 1 m depth and are underlain by reinforced
polyethylene membrane (0.6 mm thick). The paddies were backfilled with native soil, an Elsinboro silty
clay loam, classified as an Ultisol/Acrisol. Rice was cultivated in the paddies for one year before the
beginning of the experiment to establish paddy soil conditions. The soil initially had 1.38% SOM

measured by loss on ignition (LOI).

Before planting in 2019, the paddies were amended with one of four treatments: no amendment
(“Control”), 4.92 kg (14.7 Mg/ha) Husk, 2.28 kg (6.8 Mg/ha) Biochar, or 1.41 kg (4.2 Mg/ha) Charsil, in
triplicate. These rates were chosen to supply 1 Mg Si/ha in order to test the effectiveness of the
amendments as Si fertilizers. This rate corresponds to returning the husk from approximately 7 years of
rice production. Rice straw harvested the previous year was also returned to the paddies each spring at
arate of ¥~3 Mg hal y. Each year, the paddies were fertilized according to soil test recommendations
with ~190 kg N/ha (as urea) and ~35 kg K/ha (as KCl) pre-plant, with an additional ~¥34 kg N/ha at

booting. Hybrid rice (Oryza sativa L. cv CLXL745) was grown in the paddies at a planting density of 12.25
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plants/m? each summer for three years (2019-2021). Paddies were irrigated according to safe alternate
wetting and drying (AWD) practice, where they were flooded from one month post-transplant until
harvest, with 1-2 midseason dry downs to 15 cm (Bouman et al., 2007; Carrijo et al., 2017). Husk,
Biochar, and CharSil amendments were only added at the beginning of year 1. Plants were harvested

manually at physiological maturity 108-115 days after transplanting.

2.2.2. Pot Study

A pot study was conducted using soil collected from the A horizon (0-20 cm depth) adjacent to the
paddy mesocosms. Rice straw (1.1 kg m™) was mixed with 8 kg (dry weight) of soil in 8 L HDPE pots, and
the soils were flooded for 31 days before beginning the experiment. The 3-fold higher straw amendment
rate and monthlong flood were used to establish wetland soil conditions similar to the paddy soil
because the soil had previously been freely draining. The pots were then drained, and Husk (45 g),
Biochar (18.5 g), and CharsSil (17.4 g) amendments, along with recommended levels of N and K fertilizers,
were incorporated into the soils. These husk amendment rates are similar to those used in the
mesocosm study (~1 Mg Si/ha). Control pots received no husk amendment. Water management was
used as an additional experimental parameter with Nonflooded (NF; soils watered twice weekly to 80%
water-filled pore space and allowed to drain), alternate wetting and drying (AWD; soils flooded but
allowed to drain 4 times during vegetative growth to 25% volumetric water content) and Flooded (F;
soils maintained with standing water) treatments. Each treatment was repeated in triplicate for a total
of 36 pots. Pots were irrigated with reverse osmosis water. Hybrid rice (Oryza sativa L. cv CLXL745)
seedlings were then transplanted into the soils, and the plants were grown to physiological maturity in a
climate-controlled growth chamber at 60% humidity with daytime temperatures of 28°C, nighttime
temperatures of 26°C, and 14 h days with light supplied by LED LumiGro LumiBars. Further description of
the experimental design can be found in a previous publication that described the amendment effects

on plant and porewater inorganic chemistry (Linam et al., 2022).

9
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Table 1. Carbon, nitrogen, phosphorus, potassium, and silicon content of the rice straw and husk amendments used in this study.
Amount of carbon added per soil area is also shown for the paddy mesocosms and pot study.

Carbon Nitrogen Phosphorus Potassium  Silicon  Carbon  Carbon

Amendment % % % % % kg/mz kg/m?

paddies pots
Straw 39 0.87 0.17 2.58 3.8 0.10 0.43
Husk 40 0.34 0.07 0.25 6.8 0.49 0.44
Biochar 49 0.62 0.15 0.44 14.7 0.28 0.22
Charsil 26 0.26 0.23 0.84 23.8 0.09 0.11

2.3. Soil sampling

Soil samples were collected 9 times during the 3-year paddy mesocosm study using a 5.7 cm diameter
hand corer to 15 cm depth. Two cores were composited from opposing sides of the mesocosms for each
sample. The first sample was collected during the fallow period before amending the soils. Samples
were also collected at harvest each year and at 1-2 points during each growing season. For the pot
study, soil samples were collected before amendment and after plant harvest using a 3.8 cm diameter

hand corer to a depth of 20cm (i.e., the entire pot depth).

Soil samples were air-dried, ground to pass a 2-mm sieve, and undecomposed plant matter was
removed manually. SOM content was determined using the loss on ignition method. For this,
approximately 2 cm? of soil was added to pre-combusted beakers, dried at 150°C for 2 h, weighed,
combusted at 360°C for 4 h, weighed again, and SOM was calculated as the difference between the
weights before and after combustion. Three technical replicates were analyzed and averaged to obtain a
single value for each sample. For C budget calculations, SOM values were converted to SOC by

multiplying by 0.58, as is widely done (Abella and Zimmer, 2007).

2.4. Gas flux measurements

10
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Fluxes of greenhouse gases from the paddies and pots were measured throughout the experiments
using the closed chamber technique with a Gasmet DX4040 multigas analyzer (Gasmet Technologies,
Vantaa, Fl). For the paddies, a 2x2x2 m polyethylene airtight and semitransparent chamber was placed
over the entirety of each paddy on the soil surface, fans were used to mix the air, and PTFE tubing was
used to draw air into and return air from the instrument. Concentrations of CH4, CO,, and N,O were
measured for 5 minutes, with a 5-second integration time per point. The chamber was then removed
and re-equilibrated with the atmosphere before measuring the next paddy. For the pot study, a similar
procedure was performed but using a 0.045 m3 opaque PVC headspace chamber equipped with a fan
(Teasley et al., 2017), and measurement was only performed for 3 minutes. Gas flux measurements

were taken every week during plant growth.

Analysis of gas flux data was performed using Matlab (Mathworks), with code written in-house. Linear
fits of concentration vs. time were calculated for each sample, and the slope of this line was converted
to a flux using soil area, air volume measured, and the ideal gas law (Limmer et al., 2018). Only data with
fits having significant (p<0.05) slopes were used for analysis. Global warming potential (GWP) was
calculated in terms of kg CO; equivalents by scaling CH, and N,O emissions by factors of 34 and 298,
respectively (Myhre et al., 2013), and adding them to CO, emission. Due to the partial transparency of
the chamber, plants in the paddy experiment could photosynthesize during measurement; for this

reason, CO; flux measurements from the paddy experiment are not reported.

The carbon lost during Biochar production was assumed to be CO; and was calculated using Equation 1
to adjust the total GHG emissions. The C lost during CharsSil production is slightly more uncertain
because masses of husk and CharSil were not measured at the production facility, so Si content was
used to estimate mass loss (Equation 2); this result was then used in Equation 1 to calculate CO;

emission during CharSil production.

11
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kg € (€CO2) = %Chusk = %Chiocnar (M)

kg Husk

kg Charsil _ %Sigysk

kg Husk ~ %Sicharsi

2.5. Porewater sampling

Soil porewater was sampled weekly in the paddy experiment and every other week in the pot study.
Rhizon samplers (Rhizosphere Research Products) with a pore size of 0.15 um were inserted at a 45°
angle to sample a depth of 2-9 cm according to previous methods (Seyfferth et al., 2016; Seyfferth and
Fendorf, 2012). Syringes were used to flush the Rhizons by withdrawing 5-10 mL of porewater which
was discarded, then porewater (10-20 mL) was collected into HDPE bottles (paddy experiment) or
combusted glass vials (pot study) both sealed anoxically and under vacuum. Vials were then opened,
and a portion of the sample was acidified to 2% HNOs for DOC analysis via high-temperature catalytic
oxidation (HTCO) using a total organic carbon (TOC) analyzer (Vario TOC Cube), along with blanks.
Porewater pH and Eh were measured using calibrated electrodes (Eh calibrated against standard

hydrogen electrode as ORP).

2.6. Dissolved organic matter characterization

DOM characterization was performed in the pot study to determine CDOM and FDOM properties.
Immediately after uncapping the vacuum vials, 3 drops of porewater were diluted to 7 mL using ultra-
high purity 18.2 MQ cm™ H,0 (~60-fold dilution). Blanks were processed similarly with Rhizons in ultra-
high purity water. All samples were stored in the dark at 4°C until analysis. UV-visible absorbance
spectra were measured, and fluorescence EEMs were generated simultaneously using an Aqualog
spectrometer (Horiba). It should be noted that some samples were analyzed within a day of collection,
while others were stored for up to 6 months before analysis due to COVID-19 pandemic restrictions in
the spring and summer of 2020. Storage time was not a significant predictor in multiple linear regression

models of EEMs component loadings, suggesting sample degradation did not affect the results of

12
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parallel factor analysis (PARAFAC). Absorption values were converted to an absorption coefficient (a)
using Equation 3:

a = Al/l 3
where A, is the absorbance at a given wavelength (A) and / = path length (0.01 m). UV-visible data was
analyzed for the parameters shown in Table 2, which broadly represent DOM aromaticity (SUVA;s4 and

E2/E3), molecular weight (S27520s and Sg; Fig. S2), or freshness (BIX).

Fluorescence intensities were measured at excitation wavelengths from 250-500 nm in 2 nm increments
and emission wavelengths from 250-600 nm in 4.6 nm increments. Rayleigh scatter peaks were
removed, and fluorescence intensities were interpolated across these regions. Outliers were removed,
and the spectra were normalized to the Raman Scattering Area unit based on the spectrum of ultra-high
purity water. Further processing was performed using the drEEM 0.5.1 software package (Murphy et al.,
2014) for MATLAB (MathWorks), which modeled the data via parallel factor analysis (PARAFAC) using all
samples from the experiment (n=333). A 5-component model was chosen based on minimum
component collinearity, minimum sample leverages, random/minimum residuals, the minimum sum of
squares error, spectra resembling real fluorophores, and split half analysis as described in previous
literature (Stedmon and Bro, 2008) and shown in Fig. S3. Components were compared to Coble peak

locations and interpretations (Coble et al., 2014).

Table 2 Labels, formulas, interpretations, and references for the UV-visible parameters analyzed in the pot study DOM samples.
a = absorption coefficient, S = slope, F = fluorescence intensity, Ex = excitation, and subscripts denote wavelength used.

Parameter Formula Interpretation References
254 o (Traina et al., 1990;
SUVAzs4 DOC (mM) Aromaticity Weishaar et al., 2003)
E2/E3 250 Inverse to molecular (Peuravuori and Pihlaja,
Q365 weight and aromaticity 1997)
In (az95) — In (az7s) Inverse to molecular
So75-205 295 — 275 weight (Helms et al., 2013, 2008)

13
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S5
Sk 275-295 Inverse to molecular (Helms et al., 2013, 2008)
S$350-400 weight
380 (Huguet et al., 2009; Parlanti
BIX ( F) Correlated to recently ot al. 2000: Wilson and
430r/ gy_310 produced DOM

Xenopoulos, 2009)

2.7. Mass balance calculation

Mass balances for C were calculated by comparing the SOC storage with CH, emission data from the
paddy study and the SOC storage with CO, emission data from the pot study, all relative to Control
treatments and converted to kg C (CO; equivalents) m y*. The 3-year cumulative CHs emission and SOC
storage values from the paddies were divided by 3, while only the single-year CO, values from the pot
study were used. Amendments did not significantly affect N,O emissions; therefore, these values were
excluded from our calculation. It should also be noted that the differences in SOC storage and CH,4
emissions between Control and Biochar/CharSil were used in the mass balance calculation even though

they were not statistically significant at o = 0.05 level.

2.8. Statistics

One- and two-way ANOVA analyses, repeated measures ANOVA, multiple linear regression (MLR), and
principal component analysis (PCA) were performed using JMP Pro 16 (SAS Institute). Time-weighted
averages of all relevant porewater chemistry (pH, Eh, and DOC), UV-visible (SUVA2s4, E2/E3, Sy75.205, and
Sr), and EEMs (Components 1-5 loadings) parameters were entered as predictors in MLR models, with
nonsignificant predictors removed sequentially until only significant predictors remained in the model.
All measured parameters were included in the PCA model. Significance of the results was generally

defined at the p<0.05 level.

3. Results

14
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3.1. Yield and productivity

The rough rice yield ranged from 6-10 t ha™ in the paddy study and 5-8 t ha in the pot study (Fig. S1),
with the difference in productivity likely due to inaccuracies in scaling factors. Amendments only
significantly impacted the rough rice yield in the paddies, with Biochar paddies having a 9% higher yield
than Control (p < 0.01). The rough rice and straw yields were both significantly higher in the first year of
the paddy study compared to the second and third years (Fig. S1). In the pot study, AWD had 32% higher
rough rice yield than Nonflooded (p = 0.01). In addition to Si and C, amendments contain significant
amounts of N, P, and K (Table 1) and our amendment rates provided 50, 10, and 37 (Husk), 42, 10, and

30 (Biochar), and 11, 10, and 36 (CharSil) kg N, P, and K ha?, respectively.

3.2. Soil organic matter

The SOM content increased with all amendments over the three-year paddy experiment (p<0.001; Fig.
1). All amendments significantly increased SOM relative to Control and Husk had significantly higher
SOM than CharsSil according to repeated measures ANOVA results (p<0.001; Fig. 1). After three years,
the SOM for all treatments had increased by 0.8-1.3%, a relative increase of 53-94%. If the Control
treatment is considered a baseline, an excess of 0.11-0.30 kg C m2 y'* accumulated in the paddy soil due
to amendments (Fig. 2). These values are 1.2-2.9 times higher than the mass of C added through

amendments.

The SOM content decreased in all pot study samples by 0.15-0.61% compared to the original
undisturbed soil samples analyzed before beginning the experiment. Normalizing by the final SOM in the
Control treatment, all amendments increased SOM storage in Flooded pots with a similar trend (Husk >
Biochar > CharSil) and magnitude (12-21% relative increase per year) to the paddy experiment (Fig. 2);

these differences were not statistically significant though (p=0.14). Water management significantly

15



Accepted Manuscript
Version of record at: https://doi.org/10.1016/j.jenvman.2023.117936

(p=0.02) impacted SOM storage in the pot study, with Flooded treatments storing more SOM than AWD

and Nonflooded treatments (Fig. 2).

20 Year 1 Year 2 _ Year 3
—e—Control c B i | aA
Husk
2.5 T T T ab

—e—Biochar |

| —e—Charsil [ | |

1 .O T T T T
0 50 100 0 50 100 O 50 100

Day (Post-Transplant)

Fig. 1 Soil organic matter from the paddy mesocosms over the 3-year experiment. Color-coded lowercase letters represent
repeated measures ANOVA with Tukey HSD results for amendment effects, while uppercase letters on the right of each panel
represent time effects by year, showing that SOM increased each year for all treatments. Error bars represent standard
deviation (n=3; 0=0.05).

0.8
a Husk

"7; 06 4 " m Biochar
£ : m CharSil
®) A b

04 +
g ~— o
o AB I
02t B
o
)
2 o0 i
w . T J T J-

-0.2

Flooded AWD Nonflooded
Paddies Pot Study

Fig. 2 Excess SOC storage normalized to Control treatments at the conclusion of the paddy (left) and pot study (right)
experiments. Uppercase letters represent amendment differences from Control, while lowercase letters with brackets represent

16
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water management treatment groupings from ANOVA with Tukey post-hoc HSD tests. Statistics were calculated separately for
the paddy and pot study experiments. Error bars represent standard deviation (n=3; 0.=0.05).

3.3. Greenhouse gas emission

Greenhouse gas (CO,, CH4, and N,O) emissions varied with amendment, water management, and time.
In the paddy mesocosm experiment, Husk treatments had significantly higher CH; emission in the first
(p<0.01) and second (p=0.02) years of the paddy experiment, but in the third year, there were no
significant differences between treatments (Fig. 3). Cumulatively, Husk amendment resulted in 54+10%
higher CH, emissions than Control (p<0.01), but there were no significant differences between the
Control, Biochar, and CharSil treatments. No N,O was detected in weekly flux measurements, and CO,

data was not reported due to photosynthesis during measurement, as described in section 2.4.
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Fig. 3 Cumulative CH4 emissions from the paddy mesocosms over the 3-year experiment. Lowercase letters represent ANOVA
with Tukey HSD groupings for the end-of-year sums. Error bars represent standard deviation (n=3; a=0.05).

In the pot study, CH4 emission was significantly (p=0.03) higher in the Flooded compared to Nonflooded
treatments but did not vary by amendment (Fig. 4a) due to large standard deviations in measurements.

Emissions of N,O showed the opposite trend, being significantly (p<0.01) higher for Nonflooded

17



Accepted Manuscript
Version of record at: https://doi.org/10.1016/j.jenvman.2023.117936

compared to AWD and Flooded treatments (Fig. 4b); emission of N,O and CH, were simultaneously
minimized at an Eh of 250-300 mV (Fig. S4). Assuming that the C lost during Biochar and CharSil
production was emitted as CO (Equation 1), there are significant water management and amendment
effects on CO, production in the pot study (Fig. 4c). Emission of CO; increased significantly (p<0.01) from
Flooded to AWD to Nonflooded water management, and CharsSil treatments had significantly (p<0.01)
higher CO, emission compared to Control, Husk, and Biochar treatments. When CH4 and N,O emissions
are converted into global warming potentials (CO, equivalents), GWP follows the same trends as CO,,
with significantly (p=0.04) higher GWP for Nonflooded treatment compared to Flooded, and significantly
(p=0.02) higher GWP for CharsSil treatment compared to Control (Fig. 4d). The GWP of CO; in this study is
higher than N,O and CH, and could potentially be inflated due to the substantial decrease in SOC
observed in the pot study, likely from disturbing the native soil. Whenever CO, is not factored into GWP,

there are no significant differences in GWP between treatments.
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Fig. 4 Cumulative CHy4 (a), N2O (b), CO; (c), and global warming potential (d) fluxes from the pot study. Lowercase letters with
brackets represent Tukey HSD groupings for water management effects, and uppercase letters inside first sets of bars represent
Tukey HSD groupings for amendment effects across water managements; there were no significant interaction effects. Lightly
shaded sections of Biochar and CharSil bars represent CO, emitted during the production of amendments (c). Striped sections of
bars represent N,O contribution, lightly shaded sections represent CO, contribution, and fully solid sections represent CH,
contribution to global warming potential (d). Error bars represent standard deviation (n=3; a=0.05).

3.4. Dissolved organic matter chemistry

3.4.1. Dissolved organic carbon concentrations

DOC concentrations in the paddy study were not significantly affected by amendment (p=0.18-0.43; Fig.
5a, S5) or time (p=0.15). Flooded soils in the pot study had significantly higher (p<0.01) DOC than
Nonflooded soils, and Husk amendment increased porewater DOC by 31-67% compared to Control
(p<0.01; Fig. 5b, S6). Porewater DOC concentrations were approximately 3-fold higher in the pot study
compared to the paddy mesocosms, likely due to the higher straw amendment rates. The trend in
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porewater Eh is generally opposite that of DOC, with Nonflooded water management producing a
significantly higher Eh (p<0.001; Fig. 5d, S6) in the pot study, and Husk significantly decreasing Eh in
years 1 and 3 of the paddy experiment (p=0.015-0.023; Fig. 5¢, S5). This suggests that the Husk
amendment can provide labile C that decreases soil Eh and that Flooded conditions tend to mobilize
DOC from the soil. Although the paddies were allowed to drain 2-4 times during the growing seasons
(i.e., “safe” AWD), these dry-downs were not as severe as in the pot study, and the porewater Eh values

were more similar to the Flooded pot study treatment (~100-150 mv).
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Fig. 5 Time-weighted average porewater DOC concentrations (a,b) and porewater Eh (c,d) for the paddy mesocosm (left) and
pot study (right) experiments. Upper-case letters inside first set of bars in (b) represent Tukey HSD groupings for amendment
effects across water managements, brackets with lowercase letters represent groupings for water management (b,d) or year (c),
and lowercase letters above bars in (c) represent groupings for amendment within each year. Error bars represent standard
deviation (n=3; 0=0.05).

3.4.2. Dissolved organic matter chemistry

The UV-visible absorption data suggest that water management plays a dominant role in determining
the chemistry of CDOM in the pot study, with amendments playing a minor role. The average porewater
E2:E3, Sk, and BIX indices were significantly higher for Nonflooded treatment compared to AWD and

Flooded treatments (Fig. 6b,d,e; p<0.01). In contrast, the SUVA,s4 value was significantly (p<0.01) higher
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for AWD and Flooded treatments compared to Nonflooded (Fig. 6a). The amendments did not
significantly alter values for any of these parameters. Average S,7s-205 generally decreased as soil flooding
increased (Fig. 6¢) and was significantly (p=0.01) affected by amendment*water management
interactions. The results suggest that flooding increased DOM molecular weight most strongly for

Control and Husk treatments, with Biochar and CharsSil largely unaffected.
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Fig. 6 Time-weighted average UV-visible absorption parameters for pot study porewater. Lowercase letters with brackets
represent Tukey HSD groupings for water management effects, while lowercase letters above bars represent amendment*water
management interaction effects. Error bars represent standard deviation (n=3; a=0.05).
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EEMs PARAFAC modeling was successful with this dataset (Fig. S3). The 5-component model developed
explained 99.2% of the variability in our dataset, and split-half analysis validated the model using a
convergence criterion of 10 as recommended (Murphy et al., 2014). Component spectra resemble real
fluorophores and are shown in Fig. 7. Comparison to Coble peaks from the literature suggests that
Component 1 resembles Coble C and A (“humic-like”), Component 2 resembles Coble M (“marine
humic-like”), Component 3 somewhat resembles Coble D (“soil fulvic acid”), Component 4 resembles
Coble T (“tryptophan/protein-like”), and Component 5 resembles Coble B (“tyrosine/protein-like”). The
primary fluorescence peak in Component 3 does not resemble any Coble peaks. Analysis of normalized
component loadings shows that Component 1 is significantly (p<0.01) higher in AWD and Flooded
treatments compared to Nonflooded treatments, while the reverse is true for Component 4 (p<0.01),
and Component 5 is significantly higher in Nonflooded treatments compared to Flooded (p=0.05; Fig.

S7). Amendments did not significantly impact EEMs spectra for our samples.
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Fig. 7 EEMs fingerprint spectra for the validated 5-component PARAFAC model of all porewater samples in the pot study
(n=333). Component numbers are shown in the top right of images, emission wavelengths on the y-axis, and excitation
wavelengths on the x-axis. Red letters correspond to Coble peaks.

3.5 Pot study statistics

Principal component analysis of average soil carbon (SOM), porewater DOM (DOC, SUVAsa, E2:E3, Sg,
S275205, EEMs components), and greenhouse gas emission (CO,, CH,) data from the pot study revealed
the relationships between carbon components in this soil. The first two components explained 58.6% of
the variability in the data (Fig. S8). Samples seem to separate on Component 1 primarily due to Eh or
water management, while Component 2 somewhat discriminates between Biochar and CharSil/Husk
samples. Component 3 explains 10.0% of the variability and is primarily correlated with SOM and EEMs

C2 and C3 (Fig. S8).
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Emission of CO, was best modeled using multiple linear regression with Eh(+) and Sg(-) as significant
predictors (R%q = 0.42, p<0.001; Table S1, Fig. S9). Emission of N,O was not correlated with DOM
parameters and was best predicted by porewater Eh (R? = 0.53, p<0.01; Table S1). Average porewater
DOM Sg shows an exponential relationship to average CH4 emission, which explains 54% of the
variability (Fig. 8); this simple model outperformed any multiple linear regression model for CH,. All
models performed significantly better for average values compared to all data points from the growing
season, and therefore average values were used here. Predicted vs. average correlations and residual

plots are shown in Fig. S9.
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Fig. 8 Exponential relationship between average porewater DOM slope ratio (Sg) and average CH4 emissions from the pot study.
Sk was a better predictor for CH4 emissions than Eh and/or DOC.

4, Discussion

4.1. SOC and GHG tradeoff with Husk, Biochar, and CharSil

Previous research has examined how rice straw management affects SOC and GHGs (Bierke et al., 2008;

Bossio et al., 1999; Delwiche and Cicerone, 1993; Liu et al., 2014; Penido et al., 2016; Rahman et al,,
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2016; Xionghui et al., 2012; Ye and Horwath, 2017; Zhang et al., 2012), but to our knowledge, this is the
first study examining how the return of rice husk contributes to the soil C cycle in rice paddies. Our data
fully support our first hypothesis that the Husk amendment would cause SOC storage greater in
magnitude than any increased CH4 emission and partially supports our second hypothesis that Biochar

and CharSil would not increase GHG emissions.

In the three-year paddy mesocosm study, untreated Husk amendment significantly increased CHa4
emissions by 54% but also significantly increased SOC by 1.3%. When these figures are converted into
CO,-equivalents, we observed SOC storage of 0.89 kg C m™2 and emission of 0.45 kg C (CH4 as CO, eq.) m-
2 over 3 years, resulting in net storage of 0.15 kg C m?2 y. Biochar and CharSil significantly increased
SOM by 1.0% and 0.8% compared to Control, respectively. While there were no significant differences
between Biochar, CharSil, and Control CH4 emissions, the same calculation gives similar values of 0.14
and 0.15 kg C m2 y! storage for Biochar and CharsSil, respectively. These data suggest that the return of
husk residues, whether untreated, pyrolyzed or combusted, leads to net C storage in soil greater than

any increased CH,4 emissions. Further work is necessary to validate these findings in a variety of soils.

While the CH,4 flux values were consistent across both experiments, they are quite high for all three
years of the paddy (129-392 kg C hal y!) and especially the pot study (328-530 kg C ha* y!) compared
to typical CH, flux values measured for rice grown in California and Arkansas, USA, which are ~71-195 kg
Chaly! (Brye et al., 2016; Runkle et al., 2019; Verfaillie et al., 2016). Our CH4 emissions are similar in
magnitude to those measured from coarser-textured paddy soils (Brye et al., 2013; Maboni et al., 2021;
Martinez-Eixarch et al., 2021), which have higher gas diffusion and availability of C-rich substrates. The
large CH,4 emissions and higher DOC concentration in the pot study compared to the paddy mesocosms

is likely due to the higher straw amendment rate (~3x) used in the pot study.
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The paddy mesocosm CO, data provided quasi-net ecosystem exchange, so it could not be used in
estimating the loss of CO; via respiration; however, the pot study provided CO, emission data (Fig. 4)
that represented soil respiration due to the use of a closed dark chamber. Therefore, we only used CO;
emission data from the pot study for comparing CO, emissions by treatment. Amendments generally
increased CO; emissions relative to Control, but this was only significant for CO, emissions from the
Charsil amendment (Fig. 4c). Net increased CO; emissions were 57% (Biochar), 93% (Husk), and 424%
(Charsil) relative to the amount of C added for each amendment, which suggests significant SOC
mineralization priming (Miao et al., 2017), especially from CharsSil. Considering the SOC and CO- balance,
amendments of Husk and Biochar stored 0.11 and 0.05 kg C m2 y* while CharSil released 0.64 kg C m2y
L under flooded conditions. A limitation to this calculation is that we are not considering the CO; initially
removed from the atmosphere when the plant produced the husk used for amendments. Therefore, our
measurements overestimate the contribution of CO, to GWP. Finally, GHG emissions during pyrolysis
(Biochar) or combustion (CharSil) of agricultural amendments are largely ignored, but our data shows
that 12-42% and 33-52% of the total CO, emissions from Biochar and CharSil, respectively, are released

during pretreatment.

Our data suggests that Husk and Biochar store more C as SOC than they emit as CH4 or as CO,, but there
are some limitations of the C balances calculated in this study that should be considered. The primary
uncertainty is due to our inability to validate our CO; emission data from the pot study with data from
the paddy experiment. Our large straw amendment rate in the pot study was intended to acclimate the
soil to flooded paddy conditions before starting the experiment. The extra straw and re-packing the soil
in pots also produced high porewater DOC concentrations and overall SOC loss in the pot study, which
suggests the soil was not in a steady-state when we began this experiment, likely contributing to us
overestimating CO, emissions. Also, we only measured CO, emissions for one growing season in the pot

study, whereas we monitored CH4 emissions and SOC storage for 3 seasons in the paddy study. We
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should note that GHG emissions were not measured outside of the growing season, but previous studies
suggest that emissions of CH4 during fallow periods are substantially lower (Fitzgerald et al., 2000;
Hwang et al., 2017; Koyama et al., 2015; Reba et al., 2019). Fallow periods can generate significant
amounts of CO,, which should be studied in more detail (Verfaillie et al., 2016). It should also be noted
that while the trend of SOM in the pot experiment was the same as in the paddies (e.g. Husk > Biochar >
CharsSil > Control), these differences were not significant in the pot experiment and only held true for
the Flooded treatment. Regardless of how CO, emissions are treated for GWP calculation, our data
suggests that Husk, Biochar, and CharsSil all store more C as SOC than they emit as CH; when applied to
paddy soil. A long-term study measuring SOC, CHs, and CO; simultaneously in both growing and fallow

seasons in different soil types is necessary to determine the optimal rice husk management strategy.

4.3. Trade-off between CH,; and N>O emissions

Our data partially support our third hypothesis that GWP would be minimized under AWD water
management. We observed a clear exponential tradeoff between CH, and N,O emissions from
Nonflooded to Flooded treatments in the pot study (Figs. 4, S4; Table S1). Soil Eh seems to play a key
role in determining GHG flux from paddy soil, and we observed simultaneous minimization of both CH,4
and N;O at an Eh of 250-300 mV in our soil (Fig. S4). It is also evident that our AWD treatment was not
severe enough to reach this Eh region, as our paddy and pot study AWD treatments were much more
similar to the pot study Flooded treatment (Fig. 5); the frequency and intensity of dry-downs are
correlated with the decrease in CH,4 emissions from rice paddies under AWD water management
(Balaine et al., 2019; Carrijo et al., 2018; Linquist et al., 2015). This critical Eh value is expected to differ
depending on soil type and C:N ratio; however, it is centered on the same range as has been reported
previously when corrections are made for electrode calibration (Yu and Patrick, 2003). Interestingly, it is
also similar to the Eh that was found to minimize arsenic and cadmium uptake by rice in this soil (Linam

et al., 2022), but it is unknown whether this is a broader trend that holds for other soils.
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Converting the CH4 and N0 emissions to CO; equivalents illustrates that CH4 contributes more to GWP
than N;O in this soil (Fig. S4), but Fig. 4d shows that CO, emissions are the largest contributor to the
overall GWP. This finding corresponds with previous studies that showed CO, emissions contribute the
most to rice paddy GWP when CO, removal by plants is not factored in (Gutekunst et al., 2017; Reba et
al., 2019). There was also a significant water management effect on CO, emission in the pot study, with
Flooded < AWD < Nonflooded (Fig. 4c). This has been observed in other paddy soils (Yu and Patrick,

2003) and further supports the preservation of C under flooded conditions (Fig. 2).

4.4. DOM chemistry

We reject our fourth hypothesis that Biochar and CharSil would produce DOC with more aromatic or
humic character. There is little evidence from UV-visible spectroscopy or EEMs that Biochar or CharSil
altered DOM chemistry, with only S;7s.205 being affected by amendment*water management
interactions (Fig. 6). The only clear impact of amendments on DOM was increased porewater DOC
concentration due to Husk treatment in the pot study (Fig. 5). More labile C fractions (e.g., water-
soluble C, microbial biomass C) are thought to be more affected by organic amendments than SOC
(Banger et al., 2010); however, we did not observe statistically significant impacts on porewater DOC in

the paddy study (Fig. 5).

Water management played a much larger role in determining porewater DOM characteristics according
to UV-visible spectroscopy and EEMs data (Figs. 6, S7). The increase in SUVA;s4 and decrease in E2/E3,
S275-205, and Sg with increased flooding suggests that porewater DOM is more aromatic and has a larger
average molecular weight under anoxic conditions (Bertora et al., 2020). This suggests that either
reductive dissolution of iron oxides under anoxic conditions releases high molecular weight DOM that is
usually strongly adsorbed in oxic conditions (Guo and Chorover, 2003), or smaller DOM molecules are

preferentially degraded or used for methanogenesis in suboxic conditions, resulting in larger molecular
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weight DOM remaining. Higher BIX in Nonflooded conditions suggests increased microbial reworking of
DOM in oxic conditions. It should be noted that E2/E3 and similar indices (e.g., E4/E6) are often
measured on alkali-extracted OM, and thus caution should be used for the interpretation of these values
for untreated porewater. Although Ssso.400 differed significantly with amendment*water management
interaction effects (not shown), studies suggest it is less predictable and, therefore, less appropriate
than S;7s.205 and Sg for inferring DOM molecular weight (Helms et al., 2013, 2008; Yamashita et al.,

2013).

Our EEMs data corroborate the UV-visible spectroscopy results, with the humic-like Component 1 being
significantly higher in Flooded and AWD treatments than Nonflooded (Fig. S7). Literature from marine
studies shows higher molecular weight, higher aromaticity, and humic nature of DOM molecules in
oxygen-limiting conditions similar to our soils (Loginova et al., 2016; Margolin et al., 2018). Components
4 and 5 were similar to Coble peaks T and B, respectively, which have been described as protein-like
DOM (Fig. 7). These components are significantly higher in Nonflooded than in Flooded treatments (Fig.
S7), which suggests more microbial activity breaking down DOM in oxic conditions. Because EEMs has
not been widely applied to soils, further study is required to determine whether marine and aquatic

science interpretations hold for soil environments.

Our results show promise for using UV-visible spectroscopy and EEMs data to characterize DOM in soils.
Most of the variation in our C data is due to flooding/redox effects; however, slight differences in some
variables (e.g., SOM, SUVA;s4, and EEMs C2, C3, and C5) seem to be somewhat associated with husk
amendments in this study (Fig. S8). These differences were not statistically significant, which suggests
several possibilities that require further investigation. First, our sample set may not have had enough
variation due to using only one soil type. Successful analysis of EEMs data with PARAFAC requires a
sample set with enough variation to measure real differences between samples but not so much

variation that the PARAFAC model is unstable (Stedmon and Bro, 2008). We do not believe this to be
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problematic for our study, as we had several hundred samples measured over time and Eh gradients,
and the model validation process was successful. Second, our samples could have degraded during the
extended sample storage time of up to 6 months due to COVID-19 restrictions. This possibility is much
more challenging to analyze, but storage time was not a significant predictor in any of our multiple
linear regression models and is not strongly correlated with any UV-visible spectroscopy or EEMs
parameter. Still, our conclusions should be further validated in additional studies. It is also known that
ferric iron (Fe(lll)) can interfere with UV-visible and EEMs spectra (Poulin et al., 2014; Weishaar et al.,
2003) or can interfere by forming Fe(lll) oxides which adsorb DOM, but the 60-fold dilution factor used
here minimized interferences. Finally, spectroscopic methods may not be appropriate for detecting the
impacts of husk amendments on soil carbon. UV-visible and EEMs analyses are untargeted methods that
characterize a limited analytical window of DOM; <50% of DOM molecules absorb UV-visible light, and
fluorescent yields for these molecules are only 0-3% (McKay, 2020). Previous work shows soil
management or organic amendments can have a substantial (Li et al., 2019; Wu et al., 2020) or minor
(Romero et al., 2019) effect on UV-visible spectroscopy and EEMs data from soil porewater. Measuring
UV-visible and EEMs spectra from different soils with different management practices will show the

potential of these techniques for characterizing paddy soil DOM.

4.5. Pot and field study comparison

Greenhouse and lab-scale studies simplify environmental and agricultural studies in many ways, but it is
important to understand their limitations. In this study we were directly able to compare greenhouse
gas emission, SOC, and DOC data from a greenhouse pot scale to a mesocosm paddy scale. Methane
emission data had much higher standard deviations for the pot study than the paddy experiment (RSD =
25-104% vs. 11-23%; Figs. 4a, 3). The pot study also allowed us to use an opaque chamber and include
Nonflooded treatments to obtain CO, and N,O emission data. The values for SOC storage (Fig. 2) and

porewater DOC (Fig. 5) were elevated in the pot study compared to the paddy experiment; we attribute
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this to higher straw amendment rates and the process of collecting and packing soil in pots. It is also
evident that one plant growth cycle does not sufficiently capture the significant changes in SOC and CH4

emissions seen 2-3 years after amendment (Fig. 3).

5. Conclusions

While untreated (Husk), pyrolyzed (Biochar), and combusted (CharSil) rice husk are known Si-rich
amendments for rice paddies, their impacts on SOC storage, greenhouse gas emission, and DOM
chemistry have not been previously investigated. In the paddy mesocosm experiment, we found that
Husk, Biochar, and CharSil amendments all store more SOC than they emit as CHg, storing a net 0.14-
0.15 kg C (COz eq.) m2 y ! over the course of 3 years. This is despite Husk increasing CH4 emissions. In the
pot study, we found that CharSil may cause a net C release (0.64 kg C m2 y!) primarily due to high CO;
emissions during production. CHs and N,O emissions traded off with porewater Eh (i.e., water
management) in the pot study, being simultaneously minimized at 250-300 mV; this is the same range
minimizing As and Cd uptake by rice in previous work, which suggests there may be a common redox
buffer controlling these processes in our soil. Nonflooded conditions decreased SOC and CH4 emissions
while increasing N,O and CO, emissions in the pot study. We also found that DOM molecular weight and
aromaticity decreased under Nonflooded management, and two out of five EEMs PARAFAC components
differ based on water management. Slope ratio (Sg) seems to be a good predictor of CH4 emission, and
our data suggest that UV-visible spectroscopy and EEMs data have the potential to describe DOM
chemistry in paddy soil porewater. Taken together, our data indicate that returning rice husk or low
temperature rice husk biochar to rice paddies as a nutrient or waste management strategy can build
SOC at higher rates than it increases GHG emissions. These results should be validated in different paddy

soils and at larger scale.
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Soil amendment of rice husk and husk biochar stores soil carbon while water management controls
dissolved organic matter chemistry in a well-weathered soil
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Fig. S8 Rough rice and straw yield for all 3 years of the paddy experiment (left) and the pot study (right). Biochar significantly
increased rough rice yield by 9% in the paddy experiment, and AWD had a 32% higher yield than Nonflooded in the pot studly.
Straw and rough rice yields were significantly higher in year 1 of the paddy experiment compared to years 2 and 3. Error bars
represent standard deviation (n=3; a=0.05).
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Fig. S9 Average porewater UV-visible absorption spectra from each treatment in the pot study. Regions used for determining
S275-295 and Sssp-400 are shown; Sg is calculated by dividing the two. Note that calculations are performed using In-transformed
absorption coefficient (o) data. Flooded and AWD treatments have higher absorption and slopes than Nonflooded in the critical
region, and Biochar also produces higher absorption than other amendment treatments. C = Control, H = Husk, BC = Biochar, CH
= CharSil, and NF = nonflooded, AWD = alternate wetting and drying, and F = flooded.
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Fig. S10 Comparison of the 4, 5, and 6 component models tested using PARAFAC to model the EEMs data. The 5 component
model was chosen because it significantly decreased the sum of squares errors for emission and excitation wavelengths, and the
spectra resembled real fluorophores (all emission is at longer wavelengths than excitation, and there are no double emission
peaks).
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Fig. S4 Exponential correlations between average CH, and N,0O emissions and average porewater Eh. Each point represents one
pot from the pot study. Eh measurements here are calibrated against a standard hydrogen electrode (i.e., ORP). CH, and N0
emissions are simultaneously minimized at an Eh of 250-300 mV.

44



Accepted Manuscript
Version of record at: https://doi.org/10.1016/j.jenvman.2023.117936

Year 1 Year 2 Year 3
500 T

—— Control
— Husk

—— Biochar
——CharsSil

400 1
300 1
200 1

100 +

Porewater Eh (mV)

Porewater pH

Porewater DOC (mM)

e I T L
1N TS | RE

0

-50 0 5I0 1(I)O 0 50 100 O 50 100
Day (Post-Transplant) Day (Post-Transplant) Day (Post-Transplant)

Fig. S5 Porewater Eh (relative to SHE), pH, and DOC over time for all three years of the paddy experiment. Values are averages,
and error bars represent standard deviation (n=3).
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Fig. S6 Porewater Eh (relative to SHE), pH, and DOC in the pot study over time. Nonflooded soils generally had higher Eh and
lower pH and DOC; Husk also increased DOC. Error bars represent standard deviation (n=3). C = Control, H = Husk, BC = Biochar,
Ch = CharSil and NF = Nonflooded, AWD = Alternate Wetting and Drying, F = Flooded.
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Fig. S7 Average porewater EEMs PARAFAC component loadings for the pot study. Lowercase letters with brackets represent
Tukey HSD groupings for water management. Nonflooded treatment resulted in statistically lower C1 loadings, higher C4
loadings, and higher C5 loadings than Flooded treatment. Error bars represent standard deviation (n=3; 0=0.05).
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Table S3 Multiple linear regression and exponential models for average greenhouse gas emissions from the pot study. Porewater
redox potential (Eh) and DOC slope ratio (Sg) were the only significant predictors of the measured values.

Gas Predictive Model R?

CO, = 0.005-Eh—0.66-S;+0.71 0.42
CHs, = 0.55- 7384 Sk 0.54
N.O = 3.74 E75 . 0013 ER 0.53
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Fig. S8 Biplots of the first three principal components from PCA analysis of soil carbon, DOM, and greenhouse gas data in the pot
study. The first two components explain 58.6% of the variance in the data, while Component 3 explains 10.0%. Samples seem to
separate on Component 1 primarily due to Eh or water management, Component 2 seems to discriminate Biochar and
CharSil/Husk samples somewhat, and Component 3 is most strongly correlated with SOM and EEMs C2, C3, and C5. Red squares
with labels represent the average independent variable values for water management and amendments, black arrows with
labels represent dependent variable loadings, and circles represent average values for each sample.
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Fig. S9 Predicted vs. measured average values for CH4, CO,, and N,O emissions from the pot study and residuals of the fits.
Models used are from multiple linear regression analysis and are shown in Table S1. Each point represents one pot.
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