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Abstract: Arsenic availability to rice is tied to biogeochemical cycling of Fe and Mn in rice soils.
Two strategies to minimize As uptake by rice—increasing Si and decreasing water—affect soil Fe
and Mn pools. We synthesized data from several soil-based experiments with four rice cultivars
across pot and field trials with manipulations of Si, water, or both. Increasing Si alters the mineral
composition of Fe plaque more than decreasing water, with the former promoting relatively more
ferrihydrite and less lepidocrocite. Nonflooded conditions decrease lepidocrocite but slightly increase
goethite compared to flooded rice. Plaque As, which was a mixture of arsenite (15–40%) and arsenate
(60–85%), was correlated positively with ferrihydrite and negatively with lepidocrocite and goethite.
Plaque As was also positively correlated with F1 and F2 soil As, and F2 was correlated positively with
porewater As, total grain As, and grain organic As (oAs). Grain inorganic As (iAs) was negatively
correlated with oxalate-extractable Fe and Mn. Our data and multiple linear regression models
suggest that under flooded conditions iAs is released by poorly crystalline Fe oxides to porewater
mainly as iAs(III), which can either be taken up by the plant, adsorbed to Fe plaque, oxidized to
iAs(V) or methylated to oAs. Increasing Si can promote more desorption of iAs(III) and promote
more poorly-ordered phases in plaque and in bulk soil. The ultimate effectiveness of a Si amendment
to decrease As uptake by rice depends upon it being able to increase exogenous Si relative to As in
porewater after competitive adsorption/desorption processes. Our data further suggest that poorly
crystalline Fe and Mn soil pools can retain inorganic As and decrease plant uptake, but these pools in
bulk soil and plaque control grain organic As.
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1. Introduction

Arsenic cycling in soils and sediments has implications for food security and human health [1–3].
Arsenic uptake and accumulation by rice may lead to grain sterility and yield reductions [1,4].
Moreover, inorganic As (iAs) is a Class I human carcinogen, so its accumulation in rice grain and bran is
detrimental to human health for consumers of rice and rice products [5,6]. Most at-risk populations are
individuals with low body mass, those who consume high quantities of rice, and those who also ingest
iAs via drinking water [7]. In an effort to devise approaches to minimize As entry into the human food
chain, many studies have been conducted to understand how As is released from soils and sediments
to water [8–16], where it can be taken up by rice roots. It has become clear that plant-availability of As
in rice paddy agroecosystems is intimately tied to biogeochemical Fe and Mn cycling [17,18].

Oxides of Fe and Mn are important for controlling the release and attenuation of As in soils and
sediments, including rice paddies. Arsenic adsorbs onto Fe oxides, hydroxides, and oxyhydroxides
(hereafter referred to as Fe oxides), but the strength of the interaction depends mainly on the Fe
phase, the speciation of As, the pH and Eh of the system. At low pH (pH < ~5.5), oxidized iAs
(arsenate, As(V), HAsO4

−/HAsO4
2−) is more able to sorb to Fe oxide phases than reduced iAs (arsenite,
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As(III), H3AsO3
0), but as pH increases to 7 or above, relatively more As(III) is able to sorb [19–21].

Organic arsenic (oAs) species in rice paddy soils consist mainly of pentavalent dimethylarsinic acid
(DMA), which has much lower affinity for adsorption onto Fe oxides than iAs(V) at pH 4–7, and lesser
amounts of pentavalent monomethylarsonic acid (MMA), which has comparable affinity for adsorption
to Fe oxides as iAs(V) [22]. In general, poorly crystalline Fe oxide phases are more reactive and
have higher surface area, and therefore are able to sorb more As than well-crystalline phases [19,22].
These sorption phenomenon lead to strong retention of As under aerobic or upland conditions, but as
soils are flooded, microbially-mediated reductive dissolution of Fe oxides releases adsorbed As.
As(III) is more mobile under reducing conditions because unlike As(V), it does not readily sorb to
other soil minerals. Mn oxides are not as abundant as Fe oxides and have less capacity for As sorption,
but they primarily serve to oxidize As(III) to As(V), which can then be sorbed onto Fe oxides [23].

Fe oxides are abundant in bulk soil and sediment, but also form around paddy rice roots where
oxygen transported to roots via aerenchyma leaks out of less suberized roots and aids in Fe(II) oxidation,
forming an Fe plaque [24,25]. This Fe plaque can sorb mobilized As [26–29] but may also release
As, particularly under wetting and drying cycles [30,31]. As arsenic species move toward roots via
transpirational water flux, root uptake of As is slowed down by Fe plaque as As species are adsorbed
by Fe plaque. iAs(III) adsorbs as an outer-sphere complex, which is more easily prone to desorption
than iAs(V), which adsorbs as an inner sphere complex and thus more tightly bound. Moreover, the Fe
plaque coatings on rice roots are discontinuous [32] and are comprised of a mixture of Fe phases [32–36],
which change in response to solution chemistry [34–37]. Thus, the ability of Fe oxides in Fe plaque to
retain As and lower its uptake into rice depends strongly on the biogeochemical conditions of the rice
paddy, which affect the composition and quantity of Fe plaque.

Efforts aimed to lower As mobilization in rice paddies and plant-uptake can impact the interaction
of As with oxides of Fe and Mn. For example, increasing porewater Si in rice paddies can lower
either total As or iAs uptake and accumulation in rice grain [38,39], but it is well established that
increasing solution-phase Si retards the transformation of ferrihydrite to higher ordered phases [40–42].
Amaral et al. [34] showed that as porewater Si increased, the percentage of ferrihydrite, a poorly
crystalline Fe phase, in root Fe plaque increased. This stabilization of ferrihydrite in root Fe plaques
may provide more surface area for iAs sorption. However, dissolved Si as monomeric silicic acid
(H4SiO4

0) is chemically similar to iAs(III) and can compete for sorption sites onto Fe oxides [43].
Si-induced desorption of iAs(III) could actually increase plant-available iAs(III) and uptake depending
on local conditions [39]. For example, the presence of Mn oxides could oxidize the desorbed iAs(III)
to iAs(V) [17,23], or arsenic methylating microbes could respond to the increase in iAs(III) and
methylate iAs(III) to MMA and DMA, which have lower affinity for sorption and are therefore
more plant-available [44]. Another means of decreasing plant-availability of As in rice paddies
is by decreasing the duration of soil flooding [45], which leads to oxidation of iAs(III) to iAs(V)
(e.g., via Mn/Fe oxides and/or As oxidizing microbes) and increases iAs(V) retention onto Fe oxides.
However, the impact of water management on Fe plaque mineral composition and quantity has not
been reported.

Here, we evaluated impacts of water management and Si-rich amendments on changes in pools
of As, Fe and Mn in soils, Fe plaque mineral composition and quantity, and how these impacted As
speciation and storage in rice grain. We hypothesized that across multiple experiments, soil amendments
with available Si would decrease the crystallinity of Fe oxides in root plaques, resulting in higher
concentrations of As in root plaques. We report on Fe plaque quantity and mineral composition
data collected from across a range of soil-based experiments in both pot and field trials where either
Si addition, water management, or both were manipulated and where soil As values ranged from
non-contaminated (5 mg/kg) to contaminated (16–25 mg/kg). These data reveal differences in Fe
mineral composition and soil Fe and Mn pools with implications for grain As concentrations in rice.
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2. Materials and Methods

2.1. Experimentation and Sample Collection

Soil, porewater, Fe plaque, and rice grain data was synthesized from several previously published
pot and field studies utilizing four rice (Oryza sativa L.) cultivars [34,36,38,46], and we complement
these data with additional soil characterization and additional years of data from the field study [36].

2.1.1. Pot Studies

Data were synthesized from three previously published pot studies [34,35,38,46] in which rice was
grown in soil amended with different forms of Si under differing soil flooding conditions. Soil contained
either background levels of ~5 mg/kg As (Low As, n = 18), this Low As soil spiked with an 80/20 mixture
of As(V)/As(III) to achieve ~25 mg/kg As (Spiked As, n = 16), or elevated levels of ~16 mg/kg As
(High As, n = 27). Prior to rice growth, soils were amended with one of several Si sources: calcium
silicate (Silicate), rice husk (Husk), charred rice husk (Char) or rice husk ash (Ash). Char and Ash
differed in that Char was prepared by burning rice husk at a lower temperature than Ash, resulting in
less crystallization of the Si [36]. In each experiment, Control soils were left unamended and Si-rich
materials were applied at similar Si rates (1% w/w of amendment, equivalent to 5 Mg Si/ha). In all
pot studies, soil was flooded continuously, except for the Low As pot study where plants were grown
under both flooded and nonflooded conditions. Each treatment was conducted in triplicate. At harvest,
the entire root systems were separated from shoots, washed with tap water to remove adhered soil,
and rinsed with double deionized water.

2.1.2. Field Studies

The field study was conducted adjacent to where the soil was collected for the Low As pot study
(~5 mg/kg As) and used several of the same Si amendments as the pot studies. Twelve paddies received
soil silicon amendments including Control, Silicate, Husk, and Char (amended at 5 Mg Si/ha) and
each treatment was conducted in triplicate paddies; details of the experimental design are previously
published for 2015 [36]. Here we also include two additional years of data for 2016 and 2017 (n = 36).
Included in these additional years of data are 6 paddies with unamended soils subjected to varying
states of inundation, ranging from flooded to nonflooded (n = 12). Each year at harvest, three plants
were collected from a diagonal transect across each 2 × 2 m paddy and were composited into one
sample per paddy. Roots were similarly separated and washed as described in the preceding section.

2.2. Porewater Collection and Analysis

Porewater was collected every 1–2 weeks from each experimental unit using Rhizon samplers
inserted into the rooting zone. Porewater was collected using evacuated, sealed headspace vials for
the pot studies or by locking syringe for the field studies. Porewater As, Fe and Mn was measured by
ICP-MS after acidification to 2% nitric acid. Porewater Si was measured colorimetrically using the
molybdenum blue method [47].

2.3. Fe Plaque Characterization

Roots were treated based on previous work to characterize Fe plaque [34]. Briefly, washed and
air-dried roots were divided longitudinally: one half was used for dithionite-citrate-bicarbonate (DCB)
extraction [48] and total elemental analysis for total As, Cd, Fe, and Si using ICP-OES, and the other
half was used for intact Fe plaque sampling via sonication and characterization with bulk XRD and
XAS [34]. The half root systems with intact Fe plaque were subject to gentle sonication (2 h at 25 ◦C) in
deionized water and the sonication solution was filtered through nitrocellulose filters to obtain samples
of As-bearing Fe plaque minerals on the filters. The filters were placed into a loosely-capped petri dish
to air-dry and were transported to Stanford Synchrotron Radiation Lightsource (SSRL) for analyses
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with X-ray diffraction (XRD) (beamline 11-3) and analyzed using Match! Software (v3, Crystal Impact,
2015). To quantify the mineral composition of Fe plaques and the oxidation state of As in the Fe plaques,
the filtered Fe plaques were characterized with extended X-ray absorption fine structure (Fe EXAFS)
spectroscopy (beamlines 4-3 and 11-2) and by X-ray absorption near edge structure (As XANES) for a
subset of samples (beamline 11-2). The obtained spectra were background subtracted, normalized,
and fitted by linear combination fitting (LCF) using Athena software. The following materials were
included as standards: 2-line ferrihydrite (Fe(OH)3·nH2O), lepidocrocite (γ-FeOOH), hematite (Fe2O3),
siderite (FeCO3), and goethite (α-FeOOH) as Fe standards (constrained by XRD results); and As(III) as
NaAsO2, and As(V) as Na3AsO4 as As standards. Note there were no pentavalent DMA, pentavalent
MMA, or arsenite glutathione observed in Fe plaques.

2.4. Plant Analysis

Shoots collected at harvest were dried, finely ground, and analyzed following previously published
methods [36,38]. Briefly, 0.2–0.5 g of plant tissue was microwave digested in trace metal grade nitric
acid. After diluting the sample, the acid fraction was analyzed for total As using ICP-MS. Grain
As speciation utilized a 2% HNO3 extraction [49] followed by separation by HPLC-ICP-MS using a
carbonate eluent and a Hamilton PRP-X100 column [50].

2.5. Field Study Soil Fe, Mn, and As Extractions

To characterize the soil pools of As, Fe, and Mn in the field study, targeted extractions were
performed on soil collected at harvest in 2015, 2016, 2017. For each paddy, five soil samples were
collected at the 0–10 cm depth from two diagonal transects across each paddy and composited into one
sample per paddy (n = 48). All collected soils were air dried and passed through a 2-mm sieve for
extraction and analysis.

A portion of the 2-mm sieved soil was subjected to As sequential extraction, which uses
progressively stronger extractants to target five soil As pools [51]. The extractants in order of
weakest to strongest are 0.05 M ammonium sulfate for non-specifically sorbed As (F1 fraction), 0.05 M
ammonium phosphate for specifically sorbed As (F2 fraction), 0.2 M acid ammonium oxalate (AAO)
for As associated with amorphous and poorly-crystalline Fe/Al oxides (F3 fraction), 0.2 M ammonium
oxalate and ascorbic acid for As associated with well-crystalline Fe/Al oxides (F4 fraction), and nitric
acid/hydrogen peroxide for residual As phases (F5 fraction). After centrifugation, supernatants
were syringe filtered through 0.45 µm filters into acid-washed polypropylene tubes and acidified
with 2% nitric acid. Elemental analysis for each extractant, which also included Fe and Mn for F3,
was conducted using matrix-matched standards with ICP-MS. Blanks and standard checks were added
every 20 samples for QA/QC. NIST 2711 (certified As level 107 ± 5 mg/kg) was included during the last
step of As extraction. The recovery for As in the reference soil was 86% ± 23%. Total reducible Fe and
Mn oxides were additionally assessed through citrate-bicarbonate-dithionite (CBD) extraction using
standard procedures [52]. All samples were analyzed with inductively coupled plasma-optical emission
spectroscopy (ICP-OES). All ICP-OES analyses were conducted using matrix-matched standards and
similar QA/QC described for ICP-MS.

2.6. Statistical Analyses

ANOVA was performed using PROC GLM and mean comparisons with the Control were
performed using the LSMEANS statement with Dunnett’s adjustment to the p-value. Regression
was performed using PROC REG. Stepwise multiple linear regression for grain and straw As was
performed using PROC GLMSELECT. Grain, straw, and porewater As were log transformed to
minimize heteroscedasticity. To determine the optimal model, 25% of the data was held out of the
model fitting as a validation set and the selected model had the minimum average squared error
for the validation set. Squared partial correlation coefficients (partial R2) were calculated using the
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PCORR2 option in PROC REG to assess the partial correlation of a descriptor given the presence of
other descriptors in the model. All statistics were performed in SAS 9.4.

3. Results

3.1. Influence of Si Amendment on Porewater Si and As Concentrations

Across multiple experiments, Si-rich amendments drove changes in porewater As and Si
concentrations (Figure 1). Both Husk and Silicate amendments significantly increased average
porewater As concentrations by ~40% relative to Control, whereas the slight increase (~15%) from
Char and Ash amendment relative to Control was not significant (Figure 1A). Husk, Char and Silicate
treatments increased average porewater Si concentrations significantly by 320%, 165%, and 234%,
respectively, relative to Control, but Ash amendment did not (Figure 1B). Therefore, while Husk
and Silicate treatments increased porewater As, they simultaneously increased porewater Si by a
larger percentage.
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Figure 1. Impact of Si amendment on average porewater (SE) (A) As and (B) Si concentrations across
all tested experiments. Asterisks denote treatment is significantly different from Control (p < 0.05).

3.2. Impacts of Si and Flooding Extent on Root Fe Plaque

Amendments with high levels of available Si most affected root plaque Fe mineral composition
(Figure 2, p < 0.0001, F = 10). Control plant root plaques, which averaged 44% ferrihydrite, increased to
55–57% ferrihydrite under Husk (p < 0.0001), Char (p = 0.0009), or Silicate (p = 0.0012) amendment.
In response to increased ferrihydrite in the root plaques, both lepidocrocite and goethite became
proportionally less abundant. The Ash used in these experiments has previously been shown to
contain relatively crystalline, insoluble Si [36], resulting in a root plaque Fe mineral composition
not significantly different from the Control for all minerals (p > 0.17). Water management slightly
affected root plaque Fe mineral composition, with nonflooded root plaques containing proportionally
less lepidocrocite. Nonflooded root plaques contained small fractions of siderite, which was not
detectable in most flooded root plaques. The type of study significantly affected root plaque Fe
mineral composition for all minerals (p < 0.0001, F = 11), largely due to the spiked As study leading to
proportionally higher ferrihydrite (Figure 3).

Porewater Si concentrations were positively correlated with root plaque ferrihydrite for all studies
(Figure 3). These positive correlations were significant (p < 0.0001, F = 18) and the slopes were
not significantly different between study types (p = 0.22, F = 1.5), although the average values of
ferrihydrite for each experiment significantly differed (p < 0.0001, F = 12), implying a similar response
of ferrihydrite to porewater Si across experiments.
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Figure 2. The proportion of major Fe (hydr)oxide mineral phases that comprise Fe plaque on rice roots
is affected by both soil Si amendment and water management. For experiments where soil Si was
manipulated, asterisks indicate treatments significantly different from the Control for each mineral
at the 0.05 level. For experiments where water was manipulated, bars with the same letters are not
significantly different at the 0.05 level. Error bars denote the standard error (Control: n = 38; Ash:
n = 17; Husk: n = 26; Char: n = 9; Silicate: n = 12; Flooded: n = 87; Nonflooded: n = 15).
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Figure 3. Positive relation between average porewater Si concentration and the fraction of ferrihydrite
in the root plaques in all tested pot and field experiments. (Spiked As: R2 = 0.61, p = 0.0026, n = 12;
High As: R2 = 0.15, p = 0.046, n = 27; Low As: R2 = 0.74, p < 0.0001, n = 15; Low As Field: R2 = 0.078,
p = 0.057, n = 47).

3.3. Correlations between Root Plaque As, Plaque Composition, and Soil As Pools

Arsenic in the DCB-extractable root plaque (i.e., plaque As) was strongly, positively correlated
to both plaque Fe and plaque Mn (except Spiked As), but was less strongly correlated to plaque
Si (Figure 4). Except for the Spiked As study, plaque As was significantly correlated to plaque Fe
(p < 0.0001, F = 33–114, R2 = 0.57–0.88) and plaque Mn (p < 0.0001, F = 36–92, R2 = 0.44–0.85). Plaque Si
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was positively correlated with plaque As, and this correlation was significant for the Field studies
(p < 0.0001, F = 56, R2 = 0.55), but not for the pot studies (p = 0.062–0.59, F = 0.31–1.8, R2 = 0.019–0.13).
We also explored other potential relationships but found no significant correlations between plaque Fe
or plaque Mn and plaque Si (data not shown).
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Figure 4. Relations between DCB-extractable As (i.e., plaque As) and (A) plaque Si, (B) plaque Fe, and
(C) plaque Mn. Root plaque As was most positively correlated to plaque Fe, but was also positively
correlated to plaque Si and Mn for most studies.

Plaque As also correlated with mineral composition of plaque Fe (Figure 5). Root plaques with
higher fractions of ferrihydrite contained higher concentrations of As (p < 0.0001, F = 86, R2 = 0.46).
Conversely, root plaques with higher fractions of lepidocrocite and goethite had lower concentrations
of As. Note that this correlation was much stronger for goethite (p < 0.0001, F = 57, R2 = 0.36) than for
lepidocrocite (p = 0.0027, F = 9.5, R2 = 0.087). Additionally, within the High and Low As pot studies a
significant positive correlation existed between plaque lepidocrocite and plaque As, suggesting that
while the overall trend was that increasing plaque lepidocrocite decreases plaque As, this effect may
not be observed in all experiments.
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Figure 5. Relations between plaque As and the proportion of Fe plaque comprised of (A) ferrihydrite,
(B) lepidocrocite, and (C) goethite across all tested experiments.

As speciation in the Fe plaque measured by XANES revealed only a mixture of arsenite and
arsenate that was correlated with other relevant variables. Plaque As was 31% (standard deviation:
6.4%, n = 34) arsenite, with the remainder fit as arsenate. A significant positive correlation was observed
between plaque iAs(III) and porewater Fe (Figure 6A), while a significant negative correlation was
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observed between plaque iAs(III) and the Mn concentration in the Fe plaque (Figure 6B). Plaque iAs(III)
was not well correlated with plaque ferrihydrite (R2 = 0.083, p = 0.11), Si in the Fe plaque (R2 = 0.056,
p = 0.18), or porewater Si (R2 = 0.070, p = 0.13).
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plaque for selected samples.

In the field study, soil As fractionation was measured to assess relationships between soil As pools
and plaque As, revealing significant correlations between root plaque As and the more soluble soil As
pools (Figure 7). Plaque As was most strongly correlated with soil As in the F1 fraction (p < 0.0001,
F = 26, R2 = 0.36), which targets non-specifically sorbed As, followed by soil As in the F2 fraction
(p = 0.0023, F = 10, R2 = 0.19), which targets specifically sorbed As. Plaque As was not significantly
correlated with F3 (p = 0.097, F = 2.9, R2 = 0.059, positive correlation) or F4 (p = 0.10, F = 2.8, R2 = 0.057,
negative correlation) soil As.
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(B) F2 fraction from the field study.

3.4. Relations between Porewater Si, Oxalate-Extractable Fe in Bulk Soil, and Plant-Available As

In the field study, bulk soil was influenced by variable Si concentrations (Figure 8).
Increasing porewater Si was associated with an increase in oxalate-extractable Fe in bulk soil (p = 0.004,
F = 14) (Figure 8A). This correlation was weak (R2 = 0.24) and largely driven by four samples
(1 husk-amended and 3 silicate-amended paddies) with high porewater Si concentrations in 2017.
This increase in oxalate-extractable Fe was associated with a strong and significant increase in the F2
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fraction of As in bulk soil (p < 0.0001, F = 61, R2 = 0.57) Figure 8B and weaker but significant increase
in F1 (R2 = 0.24) and F3 (R2 = 0.17) soil As (data not shown).
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3.5. Influence of Soil As Pools on As Porewater Concentrations

Porewater As in the field studies was influenced by various soil As pools. Average porewater
As did not depend on F1 (p = 0.51, F = 0.45, R2 = 0.0097, Figure 9A), but was positively correlated
with F2 and F3 (p < 0.0001, F = 30, R2 = 0.39, Figure 9B and p = 0.0058, F = 8.4, R2 = 0.15, Figure 9C,
respectively). Porewater As was also positively correlated with AAO-extractable Fe (p < 0.0001, F = 19,
R2 = 0.29), but not CBD-extractable Fe (p = 0.055, F = 3.9, R2 = 0.08). Neither AAO-extractable nor
CBD-extractable Mn were correlated with porewater As (p > 0.76, F < 0.09, R2 < 0.002).
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F3 fractions.

3.6. Correlations between Grain As and Soil As, Fe and Mn Pools

Total concentrations and As species in polished rice grain from the field study was also correlated
with more mobile soil As pools. On average, the polished grain contained 0.20 mg/kg total As (standard
deviation = 0.14 mg/kg). The high variability in grain As was best explained by F2 (Figure 10A,
p < 0.0001, F = 21, R2 = 0.31), while other As pools were negligibly correlated with grain As (p > 0.25,
F < 1.4, R2 < 0.03). Similarly to total grain As, oAs in the polished grain was most correlated to F2
(Figure 10B, p = 0.0025, F = 11, R2 = 0.28). Conversely, iAs in the polished grain was not correlated to
F2 (p = 0.83, F = 0.05, R2 = 0.0018), but was positively correlated to F1 (Figure 10C, p = 0.027, F = 5.5,
R2 = 0.16) and negatively correlated to F4 (Figure 10D, p = 0.0012, F = 13, R2 = 0.32).
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the field study.

In addition to soil As pools, grain As was also correlated with oxalate-extractable pools of Fe
and Mn pools in bulk soil (Figure 11). Both total and organic grain As were weakly and positively
correlated with oxalate-extractable Fe (respectively Figure 11A, p = 0.0008, F = 12.9, R2 = 0.22, and
Figure 11B, p = 0.008, F = 8.1, R2 = 0.22) but not Mn (p > 0.25, R2 < 0.03). In contrast, grain iAs was not
correlated with oxalate-extractable Fe (Figure 11C, F = 0.07, p = 0.79, R2 = 0.0025) but was weakly and
negatively correlated with oxalate-extractable Mn (Figure 11D, p = 0.016, F = 6.6, R2 = 0.19).

Multiple linear regression models of grain and straw As across all experiments revealed porewater
As was the best predictor of plant As, followed by root plaque constituents and porewater Si.
The stepwise linear regression model considered root plaque As, root plaque Fe, root plaque Si,
root plaque ferrihydrite, root plaque lepidocrocite, average porewater Fe, average porewater Mn,
average porewater Si, and average porewater As, but not soil extractions as these were not available for
the pot studies. Of these variables, the optimal model for grain As contained porewater As, plaque As,
and plaque Si (p < 0.0001, F = 104, adjusted R2 = 0.77, n = 94, Table 1). Grain As was positively
correlated with porewater As and plaque As, although the correlation with porewater As was stronger
(partial R2 = 0.56 and 0.34, respectively, Table 1). Plaque Si was negatively correlated with grain As
(partial R2 = 0.10). For straw As, the model contained porewater As, porewater Si, and root plaque
lepidocrocite (p < 0.0001, F = 220, adjusted R2 = 0.87, Table 1). Similar to the grain model, porewater As
was most strongly positively correlated with straw As (partial R2 = 0.87). Porewater Si was negatively
correlated with straw As (partial R2 = 0.19).
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Figure 11. Relations between concentrations of As in polished rice grain and oxalate-extractable (A–C)
Fe or (D) Mn in bulk soil in the field study.

Table 1. linear regression models for grain and straw arsenic.

Log10 Grain As Log10 Straw As

Parameter Estimate (SE) p Partial R2 Parameter Estimate (SE) p Partial R2

log10 PW As 0.45 (0.042) <0.0001 0.56 log10 PW As 0.98 (0.039) <0.0001 0.87
Plaque As 0.0025 (0.00038) <0.0001 0.34 PW Si −0.0010 (0.00021) <0.0001 0.19
Plaque Si −0.00019 (0.000059) 0.0023 0.10 Plaque lepidocrocite 1.3 (0.44) 0.0053 0.08

4. Discussion

In this study, we sought to understand how changes in rice paddy management affect mineral
composition of As-bearing Fe plaque, pools of soil As, Fe and Mn, and how these management-induced
biogeochemical changes influence plant availability of As to rice. We synthesized data from a variety
of experiments including four different rice cultivars across pot and field studies in which soils were
manipulated by either adding Si or altering water availability. As we hypothesized, soil Si amendments
leading to the highest porewater Si (Figure 1) favored root plaque comprised of proportionally more
ferrihydrite and consequently higher concentrations of As in root plaques (Figures 2–4). While the
impact of increasing porewater Si on ferrihydrite stabilization in plaque has been previously reported
with smaller data sets [34–36], here we report this phenomenon across studies, which suggests the
finding is not an artifact of experimental design or dependent upon rice cultivar. Carefully controlled
laboratory studies have illustrated that Si retards the transformation of ferrihydrite to more ordered
phases [40,41,53], which supports the increase in ferrihydrite and decrease in lepidocrocite and goethite
observed due to Si-rich amendment (Figure 2). Our data also show that Si-rich amendments affected
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the mineral composition of Fe plaque on rice roots more so than water management (Figure 2), which to
our knowledge has not been previously reported. Nonflooded soil conditions decreased the fraction
of lepidocrocite in the root plaques by ~40% while increasing goethite, although the latter was not
statistically significant (Figure 2). Because we also observed traces of siderite in the root plaques
of nonflooded rice but not flooded rice, we suggest that the higher concentration of CO2 present in
nonflooded rice soils favored siderite and goethite over lepidocrocite [53] in plaque.

While we observed that Si strongly increased the proportion of ferrihydrite in Fe plaque (Figure 3)
which is neoformed as Fe(II) and O2 react in the rhizosphere, impacts of Si on poorly-crystalline Fe
pools in bulk soil were less drastic. We used oxalate-extractable Fe as a proxy for poorly-crystalline
Fe pools in bulk soil. We observed a significant and positive relation between oxalate-extractable Fe
in bulk soil and porewater Si (Figure 8A), but the correlation was weak and was driven mostly by
4 Si-rich paddies. While the impact of Si on the poorly-crystalline Fe oxide pool in bulk soil may
have been less than on ferrihydrite in Fe plaque, there was a strong positive correlation between
oxalate-extractable Fe and F2 soil As (Figure 8B), which is a proxy for plant-available As because
porewater As is most strongly associated with the F2 soil fraction (Figure 9). This finding suggests that
addition of Si to paddy soil stabilizes poorly-crystalline Fe oxides in bulk soil, which sorbs As in a
moderately plant-available pool. Increasing Si can also increase iAs bioavailability through desorption
of iAs from poorly crystalline Fe oxides in bulk soil or in plaque, and could therefore affect plant
As levels.

Plant As levels were governed by porewater As and Si, which was driven by changes in pools
of As in bulk soil and in plaque. iAs(III) released to porewater by microbially-mediated reductive
dissolution of Fe (hydr)oxides and iAs(V) to iAs(III) reduction in bulk flooded soils can be either
adsorbed to Fe plaque via outer-sphere complexation, taken up by plant roots via Lsi transporters,
oxidized to As(V) by Mn oxides [23], or methylated to organic As (e.g., DMA) by arsenic methylating
microorganisms. We observed that both total and organic grain As were positively correlated with
F2 soil As and the poorly-crystalline Fe oxide pool (Figures 10 and 11), which are well-correlated
predictors (Figure 8B). These relationships indicate poorly-crystalline Fe oxides control As release
and organic As formation due to microbially-mediated methylation of iAs(III). Grain iAs, in contrast,
was only weakly positively correlated with F1 soil As but negatively correlated with F4 soil As fraction
and the oxalate-extractable Mn pool (Figures 10 and 11). Conditions that promoted well-crystalline Fe
oxide in bulk soil and stabilization of Mn oxides thus led to less iAs uptake into grain. If more Mn
oxides are available, then As(III) oxidation and retention onto Fe oxides may be favored over plant
uptake. Conversely, ferrihydrite has been shown to suppress the oxidation of iAs(III) by Mn oxides [54],
and therefore a Si-induced increase in ferrihydrite may promote plant-uptake or methylation of
iAs(III) over oxidation by Mn oxides. Owing to the higher adsorption capacity of poorly-crystalline Fe
phases like ferrihydrite than well-crystalline phases [55], Fe plaques with more ferrihydrite contained
higher levels of associated As (Figure 5). This adsorbed As was present mainly as iAs(V) (60–85%)
due to oxidation of iAs(III) either upon adsorption or by Mn oxides prior to adsorption onto the Fe
plaque, although more reduced conditions (i.e., higher porewater Fe) led to higher iAs(III) (Figure 6A).
Mn concentration in the Fe plaque was negatively correlated with iAs(III), suggesting Mn in the
plaque was able to oxidize iAs(III) (Figure 6B). Still, plaque contained a sizeable portion of iAs(III)
(15–40%) that could be desorbed and become plant-available. Thus, while iAs adsorption onto Fe
plaque undoubtedly slows As uptake by roots, the strong positive relation between plaque As and
plant-available As pools F1 and F2 (Figures 7 and 9) could also indicate that plaque As is a source of
As to rice. Several hydroponic studies have shown that Fe plaque increases As(III) uptake, but not
As(V) uptake [26,56]. The positive relation between plaque As and grain As in the multiple regression
model (Table 1) supports plaque contributing a source of As to rice; however, the porewater As source
is larger. While plaque As is correlated to F1 and F2 soil As (Figure 7), porewater As is correlated
to F2 and F3 soil As (Figure 9), suggesting these two measures of plant-available As differ in their
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origin. Likely, the relative amounts of porewater and/or plaque Si and As play a role in the ultimate
concentrations of plant As.

Amendments that led to high Si relative to As in plaque and porewater restricted plant As levels,
and these ratios are dynamic. Results from the multiple linear regression models indicated that
porewater and plaque As and/or Si levels explained most of the variation in grain and straw As with
porewater or plaque As showing a direct relation and porewater or plaque Si showing an inverse
relation with plant As. The mechanism is due to multiple processes. First, regardless of whether a Si
amendment increases porewater As relative to Control (Figure 1A), its ability to also provide sufficient
Si to porewater after competitive desorption of arsenite in bulk soil (Figure 1B) allows for Si to compete
with As for root-uptake via the highly-efficient Si/As root transport pathway [57,58] in rice. Second,
higher exogenous Si leads to decreased gene expression of Si root transporters [59–61], thus restricting
the potential pathways (i.e., Si/As root transporters) for As uptake. Third, higher exogenous Si promotes
ferrihydrite-rich plaque (Figure 3 and ref. [34]), which helps to slow down As delivery to the root
transporters. However, this plaque As could be exchangeable—particularly if comprised of iAs(III)
which forms outer sphere complexes, and thus is prone to desorption and plant uptake at grain filling.
Likely, higher Si leads to more iAs(III) desorption both from bulk soil and from plaque, and lower
plant As levels would be seen where conditions favored relatively high exogenous Si after accounting
for competitive desorption between Si and iAs(III). Straw As levels reflect conditions of these processes
over a majority of the ~4-month growth cycle of rice, whereas grain levels are more reflective of
rhizosphere conditions during reproduction. For example, Teasley et al. [35] showed that while both
Silicate and Husk amendments increased porewater Si, the differences in Si solubility between the
amendments resulted in Husk being better able to provide porewater Si at grain filling to compete with
As for uptake and grain storage and therefore resulted in higher grain yield. Thus, while estimates
of plant-available Si and As provide snapshots of conditions at harvest, it is important to consider
the dynamic nature of the rhizosphere conditions over the growth cycle [31,62]. Thus, although some
Si amendments led to an increase in porewater, plaque, or exchangeable soil (i.e., plant-available)
As, their ability to also increase exogenous Si to compete with iAs(III) for uptake after competitive
adsorption/desorption processes on the solid phase will dictate plant levels.
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