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Rice is a staple food and primary source of calories for much of the world. However,

rice can be a dietary source of toxic metal(loid)s to humans, and its cultivation creates

atmospheric greenhouse gas emissions and requires high water use. Because rice

production consumes a significant amount of natural resources and is a large part

of the global agricultural economy, increasing its sustainability could have substantial

societal benefits. There are opportunities for more sustainable field production through a

combination of silicon (Si) management and conservation irrigation practices. As a Si-rich

soil amendment, rice husks can limit arsenic and cadmium uptake, while also providing

plant vigor in drier soil conditions. Thus, husk addition and conservation irrigation may be

more effective to attenuate the accumulation of toxic metal(loid)s, manage water usage

and lower climate impacts when implemented together than when either is implemented

separately. This modified field production system would take advantage of rice husks,

which are an underutilized by-product of milled rice that is widely available near rice

farm sites, and have ∼10% Si content. Husk application could, alongside alternate

wetting and drying or furrow irrigation management, help resolve multiple sustainability

challenges in rice production: (1) limit arsenic and cadmium accumulation in rice; (2)

minimize greenhouse gas emissions from rice production; (3) decrease irrigation water

use; (4) improve nutrient use efficiency; (5) utilize a waste product of rice processing; and

(6) maintain plant-accessible soil Si levels. This review presents the scientific basis for a

shift in rice production practices and considers complementary rice breeding efforts. It

then examines socio-technical considerations for how such a shift in production practices

could be implemented by farmers and millers together and may bring rice production

closer to a bio-circular economy. This paper’s purpose is to advocate for a changed rice
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production method for consideration by community stakeholders, including producers,

millers, breeders, extension specialists, supply chain organizations, and consumers,

while highlighting remaining research and implementation questions.

Keywords: rice, sustainability, circular food system, conservation agriculture, grain quality, silicon, arsenic,

methane

INTRODUCTION

Rice (Oryza sativa L.) is a staple food for half of the global
population (Seck et al., 2012), yet its production has several
potential undesirable outcomes. Rice is typically grown in flooded
fields to inhibit non-aquatic weed growth and their competition
for nutrients (Arao et al., 2009). However, flooding also decreases
the soil reduction-oxidation (redox) value, which intensifies
emissions of the greenhouse gas (GHG) methane, CH4, and
increases soil mobility and plant-availability of arsenic (As) to
rice (Ponnamperuma, 1972; Kirk, 2004). Irrigation management
decisions thus greatly affect not just grain yield, but also field
GHG emissions and the content and distribution of toxic
metal(loid)s in grain (Arao et al., 2009; Adviento-Borbe et al.,
2015; Linquist et al., 2015; Matsumoto et al., 2015).

The plant-available As that enters rice grain is either naturally
occurring in soils, exists as a residual from previous pesticide
use (Bednar et al., 2002), or is delivered via irrigation with As-
contaminated groundwater (Roberts et al., 2007; Khan et al.,
2009). The mobilized form of As in reduced soil environments
(i.e., with low redox values), mainly as inorganic arsenite (As(III)
or H3AsO0

3), is chemically similar to the important plant nutrient
silicon (Si or H4SiO0

4), (Epstein, 2009). This chemical similarity
facilitates the transport of As into rice via the Si pathway (Ma
et al., 2008). For these reasons, rice cultivated under flooded fields
typically exceeds other cereals in As content (Williams et al.,
2007b) and thus its consumption increases exposure to toxic
inorganic As (iAs), (Meharg et al., 2009) and presents a public
health risk (Hojsak et al., 2015). There is particular concern
regarding the iAs content of rice-based baby foods (Meharg et al.,
2008), and the U.S. FDA has identified an action level of 100
µg kg−1 iAs in infant rice cereals (US FDA, 2020). Regulations
focus on iAs species because of their higher reported toxicity
than pentavalent mono-or di-methylated arsenic species (IARC,
2012), both of which can also accumulate in rice grains (Zhao
et al., 2010).

One way to limit toxicity is by increasing the redox
state by shortening the duration of flooding. This change
can be achieved by irrigation management that allows soil
drying during some growth periods or in some portions
of the field. One such technique is alternate wetting and
drying (AWD) water management (Lampayan et al., 2015), a
practice gaining in popularity in the U.S. and in Asia that
replaces traditional cultivation under season-long inundation
with deliberate drainage or drying to decrease the duration of
flooding (Linquist et al., 2015; Chou et al., 2016; Das et al.,
2016). Under AWD, fields are sowed, fertilized, and flooded
normally, but fields are allowed to dry to below saturation
prior to re-flooding at least once during the rice growth cycle

FIGURE 1 | The effect of water management on soil and pore water

reduction-oxidation conditions (soil “redox”). Under continuously flooded

conditions, sufficient labile carbon and limited oxygen influx result in low redox

values throughout the growing season. Under AWD, the field is occasionally

dried between flooded periods (shaded), raising the redox value. The timing,

duration, and intensity of dry downs in AWD can be optimized to field

specific conditions.

(Figure 1). Through additional rainfall capture during drying
periods, AWD decreases irrigation water use and associated
pumping costs by 18–44% (Linquist et al., 2015; Atwill et al.,
2020). As a water saving strategy, AWD is incentivized through
conservation payments in the U.S. (Reba and Massey, 2020).
The introduction of oxic conditions during the rice growth
cycle in AWD management increases the average soil redox
potential, thereby decreasing CH4 production and decreasing As
availability in the soil and accumulation by the plant (Linquist
et al., 2015; Chou et al., 2016; Das et al., 2016). The grower
has many implementation options that control the intensity,
frequency, and duration of dry periods based on specific weather
and field conditions (Carrijo et al., 2017).

Unfortunately, potential negative consequences of AWD
include a risk of decreased yield (Carrijo et al., 2017), increased
grain cadmium (Cd) content (Arao et al., 2009), and increased
emissions of nitrous oxide (N2O), (Lagomarsino et al., 2016;
Kritee et al., 2018), (Figure 2). These undesirable outcomes are
not trivial. First, changes in yield can decrease food availability
and impact farm profits (Nalley et al., 2016; Stuart et al.,
2016). Second, while AWD is effective at decreasing grain As
concentrations, it may increase grain Cd from some soils (Arao
et al., 2009; Li et al., 2019) because Cd is more mobile and plant-
available under increasingly oxic soil conditions. Whether the
elevated Cd in grain leads to an increased risk to consumers
depends on the intensity of AWD and the soil properties (i.e.,
soil pH, Cd concentration). Both Cd and As are toxic at low
concentrations; the FAO/WHO Codex Maximum Level values
for polished rice are 0.4mg kg−1 (Cd) and 0.2mg kg−1 (As),
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FIGURE 2 | Conceptual plot of the effect of soil redox on biogeochemistry in

rice paddies; y-axis is conceptual and normalized for each term’s magnitude.

Flooded rice creates reduced conditions that are conducive to high methane

emissions and high grain As, while moving toward non-flooded rice increases

grain Cd and N2O emissions. Si-rich soil amendments can decrease As and

Cd in grain while also improving yield in some situations, as increased plant Si

helps alleviate biotic and abiotic stresses in rice.

respectively (FAO/WHO, 2013). Third, on a mass basis over
a 100-year time horizon, N2O is nine times more potent as a
GHG than CH4 (Myhre et al., 2013). The loss of reactive N
from nitrate or ammonium fertilizers as N2O loss via microbial
nitrification and denitrification (Butterbach-Bahl et al., 2013)
also represents a decrease in nutrient use efficiency, requiring
careful coordination of nutrient and water applications (Liao
et al., 2020). For sustainable rice management, strategies must
consider all these factors to simultaneously conserve natural
resources, achieve high yield, low levels of both As and Cd in the
grain, and minimize GHG emissions.

An emerging strategy (Figure 2) to decrease grain As without
increasing (and potentially decreasing) Cd (Meharg and Meharg,
2015; Das et al., 2021) is Si fertilization. Increasing plant-available
Si can benefit rice in Si-depleted soils by improving rice yield
(Savant et al., 1997a,b; Teasley et al., 2017) and providing
resistance to stress (Deren et al., 1994; Seebold et al., 2001),
pests (Sidhu et al., 2013; Bakhat et al., 2018), straight head
disorder (Teasley et al., 2017; Limmer et al., 2018b), and disease
(Datnoff et al., 1997; Rodrigues et al., 2003), including rice blast
(Osuna-Canizalez et al., 1991; Brunings et al., 2009; Griffith
et al., 2021). Silicon can also lower As uptake by roots by direct
competition and by downregulating the expression of root Si or
As(III) transporters as long as the Si source provides high Si:As
ratios (Ma et al., 2008; Seyfferth and Fendorf, 2012; Seyfferth
et al., 2016). Silicon fertilization seems to have more benefits
to rice yield and disease resistance when plants are stressed
with As or grown in Si-depleted environments (i.e., low Si:As
ratios), (Teasley et al., 2017; Limmer et al., 2018b; Dwivedi et al.,
2020; Griffith et al., 2021). Previous work shows that as plant-
available Si increases, grain iAs decreases (Bogdan and Schenk,
2008; Seyfferth and Fendorf, 2012; Seyfferth et al., 2016). Si
fertilization can be implemented sustainably via recycling Si-rich
rice husk residues (Limmer et al., 2018a; Leksungnoen et al., 2019;

Seyfferth et al., 2019a), which act as a slow-release Si fertilizer
and potential source of other nutrients like NPK (Teasley et al.,
2017; Linam et al., 2021) but without the negative impacts of
straw incorporation such as higher GHG emissions and less Si
dissolution (Gutekunst et al., 2017).

While AWD and Si management can further the sustainability
of rice production, there is currently little research on their
synergistic benefits in either laboratory or field trial settings,
let alone at the scale of the production farm (1–1000 ha).
Likely due to its history of use in organic, Si-poor soils, Si
fertilization is rarely emphasized in wider agricultural practice
(Tubana et al., 2016) and is not yet encouraged in US university
rice production handbooks (e.g., UADA, 2018). AWD has been
suggested only recently in rice handbooks (Henry et al., 2017). In
this review, we propose that combined AWD and Si management
is beneficial, as rice husk amendments may decrease As uptake
and alleviate some of the unwanted side effects of the AWD
practice. We first present the research basis for this changed
production system alongside a description of how rice breeders
could develop varieties that are optimized for production in this
management system. We emphasize the sustainability benefits of
such a transition and highlight the need for an integrated socio-
technical transition to ensure a successful shift in production
practice. We examine how the co-implementation of these
practices could function within the US Mid-South. This region
is responsible for ∼80% of US rice production (USDA-NASS,
2021) and is agronomically similar to mechanized, irrigated,
predominantly drill-seeded rice production systems elsewhere,
including Northeast China, Australia, and South America’s
MERCOSUR region (Rao et al., 2017). While no regional soil
survey of As in rice soils in this region exists, many locations
in this region are in the 90th percentile of soil As levels in the
US (Smith et al., 2019) and some rice produced in this region
has been shown to have more total As than that from California
(Williams et al., 2007a; Heitkemper et al., 2009).

SCIENTIFIC BASIS FOR RECOMMENDED
CHANGES AND OUTSTANDING
CHALLENGES

In this section, we present evidence that supports a rice
production system focused on (1) water saving irrigation
practices that generate oxic soil conditions, (2) soil Si
management, (3) their synergies, (4) a move toward a circular
bio-economy, and (5) complementary efforts in rice breeding
efforts. We also emphasize current knowledge gaps and describe
areas where further research is needed.

Water Management Effects on
Biogeochemistry
Rice irrigation practices can decrease CH4 emissions by
interrupting (in AWD) or preventing (in at least the top portion
of furrow-irrigated rice fields, where water is channeled down
furrows rather than held in paddies or basins) the reducing
soil redox conditions conducive to methanogenesis. Research in
this area is maturing beyond pot and plot trials. An experiment
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on commercial-scale rice fields in Arkansas demonstrated that
AWD can decrease CH4 emissions by 64.5% without inducing a
change in yield (Runkle et al., 2019). Others have found relatively
high off-season CH4 emissions when fields are flooded, e.g.,
to attract water fowl (Twedt and Nelms, 1999), particularly if
that flood immediately follows straw incorporation (Martínez-
Eixarch et al., 2018; Reba et al., 2019). Studies have also shown
that N2O emissions can increase as a result of earlier oxygenation
of the soils during a period when N-based fertilizers are still
present (Zhou et al., 2020). AWD-induced decreases in CH4

emissions tend to greatly outweigh increases in N2O on a
global warming potential basis (Linquist et al., 2012, 2015;
Sander et al., 2020).

Field-scale monitoring of pore water chemistry under AWD
practices reveals that drainage or dry-down events can alter As
biogeochemistry. For example, a single dry-down to a soil tension
of−25 kPa (or 20% volumetric water content at 10 cm) inhibited
the reductive dissolution of Fe (oxyhydr)oxides, and consequent
mobilization of As into pore water, for at least 1 month after
the soils are re-flooded (Maguffin et al., 2020). While AWD
practices almost always decrease total As in rice grain, they do
not always decrease the iAs concentration (Somenahally et al.,
2011; Linquist et al., 2015; Carrijo et al., 2019; Li et al., 2019;
Fernández-Baca et al., 2021a), an important limitation given
the high toxicity of iAs and its use as a legal standard to set
exposure limits. Because iAs ismethylated to dimethylarsinic acid
(DMA) under reducing soil conditions, more oxic conditions
may lead to less DMA production and therefore more iAs
uptake relative to DMA (Li et al., 2009; Jia et al., 2013; Chen
et al., 2019a; Dykes et al., 2021). These findings underscore the
need for further biogeochemical research on the effects of redox
conditions onmicrobial As methylation-demethylation reactions
in the soil solution, and whether oxic conditions may enhance
As demethylation via oxygen-dependent cleavage of As–C bonds
by ArsI enzymes (Yoshinaga and Rosen, 2014; Nadar et al., 2016;
Pawitwar et al., 2017).

Together, these studies imply the need for researchers
to apply continuous measurement and monitoring systems
such as (1) micrometeorological techniques to capture short
“hot moments” (hours to days) of high N2O emissions and
controls on CH4 dynamics and (2) process-oriented models
driven by hydro-biogeochemical interactions and finer-scale soil
and soil water monitoring. These approaches could account
for year-round inundation dynamics on GHG emissions and
soil biogeochemistry, particularly in response to amendments,
fertilizers, and plant litter management, and allow climate
benefits additional to AWD’s current practice. Research is also
needed to assess the biogeochemistry associated with furrow-
irrigated rice, an emerging cultivation technique in the US Mid-
South (Chlapecka et al., 2021; Della Lunga et al., 2021; Karki
et al., 2021) that creates spatial gradients of inundation dynamics
through the production season.

Si-Rich Rice Husks as Soil Amendments
and Their Impact on Biogeochemistry
Not all Si sources behave similarly (Seyfferth et al., 2018): the
opaline Si that forms within Si-accumulating plant tissues is
poorly crystalline, highly soluble, and plant-available (Savant

et al., 1997a). Even though Si is the second most abundant
element in the Earth’s crust, most Si is held tightly in
the crystal lattice of soil minerals and is not readily plant-
available (Savant et al., 1997a). When Si-rich rice residues are
incorporated into soils, pore water Si increases more than
expected from equilibrium with soil minerals (Seyfferth et al.,
2013). When added on an equivalent Si basis, husks, also known
as hulls, provide 50% more Si to pore water than straw-based
amendments (Penido et al., 2016). However, much of the biomass
of a rice plant is found in straw with husk comprising ∼20%
of the harvested rough rice yield. While Si-rich fertilizers like
calcium silicate can also provide Si, research has shown that
calcium silicate rapidly dissolves and mainly provides Si during
vegetative growth, whereas husk acts as a slow-release Si fertilizer
providing Si at the critical stage of grain-filling when it can most
impact accumulation of As in grains (Teasley et al., 2017).

The impact of soil incorporation of Si-rich rice husk is well-
tested on As cycling, root plaque Fe mineral composition, and
GHG production in flooded and non-flooded soils (Penido et al.,
2016; Seyfferth et al., 2016, 2019a; Amaral et al., 2017; Gutekunst
et al., 2017; Limmer et al., 2018a; Wu et al., 2020). In addition
to having more Si than straw, rice husks contain approximately
one order of magnitude less As and have less labile carbon than
rice straw due to over twice the lignin content (Contreras et al.,
2012; Penido et al., 2016), making their application advantageous
from both metalloid and GHG perspectives. Husk incorporation
results in an order of magnitude less CH4 production than
straw incorporation to flooded soils (Penido et al., 2016). Husk-
derived Si has been shown to beneficially compete against As in
its assimilation into the plant and can combat the As-induced
yield loss in flooded rice (Teasley et al., 2017; Limmer et al.,
2018b). Husk addition increases the proportion of ferrihydrite
in root plaques, which may contribute to As retention in the
rhizosphere and less As uptake (Seyfferth et al., 2019b).Moreover,
soil incorporation of husks can decrease toxic iAs in rice grain
by 25–50% without affecting grain Cd in flooded and non-
flooded soils (Seyfferth et al., 2016, 2019a; Teasley et al., 2017).
Added husks may even decrease plant Cd through a number
of mechanisms. First, husks allow growth dilution of Cd due
to increased biomass and second, increased soil retention of Cd
due to slightly higher pH with husk addition to acidic, oxic soils
(Seyfferth et al., 2016, 2019a). Third, Si may also decrease Cd via
other biochemical mechanisms such as a rice root Si-wall matrix
complexation that inhibits Cd ion uptake (Liu et al., 2013a; Ma
et al., 2015).

Husks are under-utilized and are often viewed as low-value
waste in most parts of the world (Mansaray and Ghaly, 1998; Lim
et al., 2014; Kumar et al., 2017), but we argue that they should
be used as a nutrient-rich soil amendment in rice production.
Occasional studies have promoted its use as an organic fertilizer
in rice fields (Savant et al., 1997b; Ebaid and El-Refaee, 2007) or as
soil amendment in the form of rice husk ash (Haefele et al., 2011),
and some small-scale farmers reincorporate their husk residues,
but it is not yet a widespread practice. In addition providing a
slow-release of Si to rice plants, husks also contain K and P, which
may help to boost plant defense against As stress (Teasley et al.,
2017). More research is needed to understand (1) contribution of
husk to soil N supplying capacity and its impacts on N cycling (2)
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influence of husk incorporation compared to straw incorporation
on rice production, and (3) if there is a critical plant-available
Si level at which husk amendment would be beneficial, as it
may be most beneficial in Si-depleted soils. Extension efforts can
help to address these knowledge gaps and provide farmers with
decision-making tools to determine if husk amendment would
be beneficial in their fields.

Potential Synergies of Combining
Conservation Irrigation and Husk
Amendments
The two management practices (water management and Si-rich
husk amendments) are likely synergistic, though more research
is needed to assess the added value of both practices in concert
over either individually. In terms of metal(loid) uptake and
content, grain As accumulation is known to be decreased more
by the combined use of AWD (which allows adsorption of
As to Fe-mineral surfaces) and Si (which outcompetes As into
the root) than either alone (Seyfferth et al., 2018). Because
under anoxic, sulfate-reducing conditions that are associated
with traditional irrigation management, Cd would largely exist
as sparingly soluble cadmium sulfide, thus plant-availability
of Cd would be strongly limited. However, in more oxic
conditions, Cd availability increases due to oxidation of sulfide
to sulfate and Cd release (Reddy and Patrick, 1977; Arao et al.,
2009). While AWD conditions may thus increase grain Cd
to concentrations nearer to the Codex Maximum Level (Arao
et al., 2009; Seyfferth et al., 2019a), Si-rich husk additions may
limit grain Cd accumulation because Si can sequester Cd in
the root cell wall (Liu et al., 2009, 2013a; Ma et al., 2015; Ji
et al., 2017; Shao et al., 2017; Guo et al., 2018). In addition,
Si deposits in the cuticle decrease transpiration, increase water
use efficiency (Agarie et al., 1998; Nwugo and Huerta, 2008)
and mitigate drought stress (Chen et al., 2011). Rice grown
under more oxic conditions may also be more susceptible to
rice blast, but increasing plant Si can alleviate blast infection
(Deren et al., 1994; Griffith et al., 2021). Collectively, Si may then
enhance water savings from AWD and increase the ability of
rice to withstand more intense soil dry downs (either intentional
or accidental).

For nutrient use efficiency, the two practices may also
be synergistic. While soil drying can stimulate nitrification-
denitrification and N losses through ammonia volatilization
(Dong et al., 2012), field reports show AWD either increases (Liu
et al., 2013b; Wang et al., 2016) or does not affect (Yao et al.,
2012; Mofijul Islam et al., 2016) nitrogen use efficiency. Though
the mechanisms remain unclear, Si has also been reported to
both increase nitrogen use efficiency (Pati et al., 2016) and
raise the optimum N application rate to enable greater yields
(Savant et al., 1996). Some evidence points to enhanced flag
leaf N content and chlorophyll concentration resulting from Si
application (Mohanty et al., 2020); other evidence indicates lower
chlorophyll but higher yields with increasing Si (Limmer et al.,
2018b), particularly under As stress. Further field scale studies
should determine the optimal N application rate under combined

Si and AWD treatments to allow farmers to capture a tangible
benefit of this potential synergy.

Complementary Rice Breeding Research
Efforts
In looking to the future, an important question is: How can
modern rice breeding programs change to optimize rice yield
and grain nutritional value within the rice husk, Si-amended
AWD production system we propose? Other agro food system
changes have been limited from a lack of integrating practice
change with participation from breeding researchers (Magrini
et al., 2016). Currently, while pure line rice varieties can be
grown successfully under AWD, U.S. hybrid varieties often have
better blast resistance along with higher yield potential (Lyman
and Nalley, 2013; Nalley et al., 2016, 2017; Zhao et al., 2019).
Hybrid varieties also enhance competitiveness against weeds
from early tiller and canopy production and have improved
nutrient uptake and drought tolerance due to more extensive
root systems (Kang et al., 1994; Zhang and Wang, 2005; Wang
et al., 2019). Higher hybrid grain yield is also a benefit when
considering net water usage and GHG changes on a per-
yield basis (Pittelkow et al., 2013; Brodt et al., 2014; Zhao
et al., 2019). Hybrid varieties have also decreased both yield-
and area-scaled CH4 emissions relative to pure-line varieties,
with suggested mechanisms including changed soil microbial
activity and root exudation (Ma et al., 2010; Smartt et al., 2018).
Genetic approaches are also used to generate low-CH4 rice
through the altered allocation of photosynthates to aboveground
biomass rather than roots (Su et al., 2015; Kim et al., 2018). The
carryover effect of these shifts into the soil microbial populations
is an ongoing area of research (Fernández-Baca et al., 2021b).
Genetic approaches are also used to decrease root to shoot
translocation of Cd (Ueno et al., 2009; Yan et al., 2019), and
to identify genes associated with uptake of multiple essential
elements in different growth conditions (Zhang et al., 2014;
Liu et al., 2021), locations (Norton et al., 2014), and varieties
(Pinson et al., 2015).

Developing rice varieties with increased tolerance to water
deficits would decrease risk of yield losses and could allow
extended drying times during AWD to further decrease irrigation
costs, CH4 emissions, and grain As accumulation. Deeper root
systems can increase drought tolerance via access to deeper water
reserves, and can be achieved by breeders using genes such as
the Deeper Rooting one gene (Uga et al., 2013). Constant access
to deep anoxic pore water might, however, offset the decrease
in CH4 from AWD, an effect observed in coastal marshes (Kim
et al., 2020). Similarly, access to deeper anoxic soil, below the
region amended by rice husks, may enable more As uptake and
should be further explored. Other drought tolerance mechanisms
include alterations in xylem morphology (Ouyang et al., 2020;
Ramachandran et al., 2020), increased expression of water-
channeling aquaporin genes (Lian et al., 2004, 2006), or increased
scavenging of reactive oxygen species (ROS) to decrease drought-
induced cell damage (Zhu et al., 2020; Panda et al., 2021).
Increasing ROS scavenging would likely also increase tolerance
to temperature stress (Zhu et al., 2020) that can affect grain yield,
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kernel size, milling quality, and chalkiness (Counce et al., 2005;
Xu et al., 2020). Further investigation should determine which
mechanisms best allow rice plants to avoid or tolerate stress
from intermittent water deficits and can benefit from recently
developed visual stress rating tools (McClung et al., 2020).

With Si known to protect plants from stress and diseases by
increasing ROS scavenging (Kim et al., 2017) and increasing host
plant responses to bacterial and fungal pathogens (Wang et al.,
2017), it is reasonable to ask if varieties can be bred to increase
Si uptake without increasing grain As accumulation. Both iAs
and DMA enter rice roots using a transporter protein conferred
by the Low silica 1 (Lsi1) gene (Ma et al., 2008). Removing this
gene decreases grain As concentrations, but also substantially
decreases Si uptake, plant growth, and grain yield (Ma et al.,
2008). Rather than As uptake, other studies have tried to reduce
grain As accumulation via As metabolism in the plant, such
as As-chelation in root, stem or leaf tissues (Song et al., 2014;
Heuschele et al., 2017). These studies suggest that breeding efforts
might focus on restricting grain As concentrations by altering
post-uptake transport, metabolism, and sequestration rather than
by altering root uptake. This mix of challenging pathways for
achieving significant reductions in grain As through breeding
highlight the importance of simultaneously pursuing alternative
irrigation methods such as AWD, along with Si amendment, to
limit the accumulation of As in U.S. rice.

Circular Bio-Economy in Rice
The reuse of husk material in rice production would help
close one material flow loop in the rice production system and
supports the circular economy goal of a regenerative system
with less material waste (Geissdoerfer et al., 2017; Kadoglidou
et al., 2019). This activity aligns with Principle 2 of circularity in
agricultural production (de Boer and van Ittersum, 2018), that
food system by-products should be recycled back into the food
system, including for soil quality and other benefits. Si-rich rice
husks can be considered as a sustainable source of Si for farmers
worldwide, as ∼5 Tg yr−1 of husks are produced globally (FAO,
2015). Its disposal is generally considered a nuisance by farmers
in developed countries (Savant et al., 1997b) and it is a major
waste stream for millers (Lim et al., 2013; Kumar et al., 2016;
Quispe et al., 2017). In Arkansas it is burned at mills as a low-
value fuel, producing a potential health risk for those exposed to
the ash silica particles (Liu et al., 1996; Okutani et al., 2018), while
still requiring land disposal of the residuals.

Moving rice production toward a more circular system
is challenging because current production practices such as
husk burning or landfilling, chemical fertilizer sales, and the
assumption of continuous flood water use are embedded into
technology development, trade, and financial services (Chen
et al., 2019b). Currently, promoters of material reuse and
recovery often fail to recognize the large-scale, cross-sectoral
shifts necessary for successful implementation (Kirchherr et al.,
2017). For example, production adaptation may require regional
coordination and integration between input and output nodes of
the supply chain. In this case, farm re-use of husks will likely
require ad-hoc or experimental coordination among mills and
farmers to encourage husk return to the farms. This effort may

then require supply-chain or public sector incentive programs
to motivate a shift in operations (Magrini et al., 2018). Over
time, these relationships may become more efficient so that, for
example, empty or deadhead truck miles are minimized. That is,
the same trucks that bring stored grain to the mill may return
husk by-products to the farm for storage or application.

Application of rice husks or their by-products can help close
agronomic element budgets beyond the Si cycle and may restore
some carbon to the soil that is lost in the common practice of
residue burning (McCarty et al., 2007). Rice husks contain high
concentrations of Si, N, and K, with lesser concentrations of P, S,
and Zn (Table 1). With an average production of 8,300 kg rough
rice ha−1 from 2010 to 2020 in the U.S. (USDA-NASS, 2020)
and assuming 20% husk in rough rice, 1,650 kg husk ha−1 are
annually harvested in the U.S. Husk removal then corresponds
to a noticeable removal of nutrients from the field, and our
hypothesis is that returning husks represents a fertilization event
of available nutrients. Because Si fertilization is known to increase
uptake of K (Teasley et al., 2017) along with P, N, and Si (Pati
et al., 2016; Cuong et al., 2017), researchers could test whether
applying husks to a field could lessen the amount of fertilizer
needed and what field conditions are needed to facilitate this
reduction. In principle, if Si significantly boosts nutrient use
efficiency, decreased application rates could then mitigate some
of the N2O-emissions risk associated with AWD and decrease
NPK fertilizer costs. Husk addition may also provide soil health
benefits that can benefit rice production in the long-term and
should be further investigated.

DISCUSSION: PATH TOWARD
ADAPTATION

While the supporting evidence is generally clear, there are still
research needs to better understand the details of a practice
that combines husk incorporation with more intense and longer
duration oxic soil conditions via water management. Potential
side effects should be investigated prior to widespread adaptation
of this pair of practices for millers, farmers, and other regional
players (such as other water users). Moreover, adaptation of these
practices must account for and be informed by local knowledge
and needs, incentive structures, and behaviors (Clark et al., 2016).

Optimizing Science and Management for
Socio-Technical Change
We suggest that further research across the rice production
system, including farm and mill activities and processes, and
user co-designed decision-support tools are both needed to
optimize water management and amendment strategies that
balance As and Cd uptake, CH4 and N2O emissions, harvest
yield, and farm and supply chain management. Altering water
management practices is, to date, unable to simultaneously
eliminate rice uptake of As and Cd, although a site-specific
optimum could be achieved based on soil physical and chemical
characteristics, including the soil’s As and Cd content and
chemical speciation (Arao et al., 2009; Hu et al., 2013; Honma
et al., 2016; Xu et al., 2019) and the rice genotype (Monaco
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TABLE 1 | Average elemental concentrations of rice husks harvested in Arkansas

from several different farms in 2012, 2013, 2018, and 2019, determined by

digestion and inductively coupled plasma analysis.

Concentration Equivalent annual

concentration rates, by

element, kg ha−1 yr−1

C 399 (11) g kg−1 661 (19)

Si 49 (15) g kg−1 81 (25)

N 4.1 (1.3) g kg−1 6.7 (2.2)

K 3.2 (0.57) g kg−1 5.3 (0.9)

P 0.54 (0.36) g kg−1 0.89 (0.60)

Ca 535 (107) mg kg−1 0.89 (0.18)

Mg 372 (121) mg kg−1 0.62 (0.20)

Fe 434 (180) mg kg−1 0.72 (0.30)

Mn 217 (57) mg kg−1 0.36 (0.095)

S 138 (121) mg kg−1 0.23 (0.20)

Zn 7.5 (2.0) mg kg−1 0.012 (0.003)

As 0.44 (0.27) mg kg−1 0.00074 (0.00045)

Values in parenthesis are the standard deviation (n = 42–47). Concentrations on an area

basis assume application or removal of husks at a rate equivalent to average production

(US average 2010–2019: 8300 kg ha−1, assuming 20% husk).

et al., 2021). In practice, it may be difficult to target and
maintain a specific soil moisture, tension, or redox status,
especially at the production scale with heterogeneous soil
conditions and drainage patterns across a field. Thus, additional
research is needed to test, simplify, and develop methods to
translate soil conditions into farm decision protocols (e.g., Owens
et al., 2008; Rabenhorst, 2018), developed in collaboration with
users and their perceptions of uncertainty in the delivered
guidance (Ara et al., 2021). It is likely that to be successful,
these technology changes and practice implementations must
be driven by local, farm-level experimentation as well as
changes in institutional structures such as incentives or
research translation (Ruttan, 1999; Duru et al., 2015; Tittonell
et al., 2016). These changes are termed socio-technical as
they combine consumer and producer behaviors, market
practices, and infrastructure shifts (Geels, 2019) and highlight
the need for social science, natural science, and engineering
perspectives to collaborate toward effective change (Lowe et al.,
2008).

In research, there is increasing ability to model and simulate
GHG responses to water management strategies. However, even
stronger understanding of field GHG emissions is important as
they represent the largest GHG source within the rice production
system (Blengini and Busto, 2009; Moreno-García et al., 2021).
Research has been enhanced with recent eddy covariance data
on GHG fluxes (Knox et al., 2016; Oikawa et al., 2017); their
high temporal resolution (i.e., near continuously) can detect the
marked diurnal andweekly variations in fluxmagnitude to enable
more precise understanding of the impact of shorter or longer
drainage periods (Fertitta-Roberts et al., 2019), particularly
under different husk amendment scenarios. Further continuous,
field-scale experimental measurements of CO2, CH4, and N2O
simultaneously will inform policy-makers regarding emission

reduction (Hemes et al., 2021) and will enable a more holistic
approach to rice cultivation.

On the farm side, additional research and cooperation is
needed for these management changes. Efficient husk storage
options at either the mill or farm need to be tested and account
for lags between milling (e.g., in fall, or after a delay from bin
storage) and cultural management practices (e.g., in spring, prior
to or near the sowing date). Mills that parboil rice–cooking in
the husk–may be able to contribute a more pure husk product—
i.e., one with less contamination from other waste, such as weed
seeds or unsterilized material that risk a disease spread (noted in
Bartz et al., 2017). However, doing so may also require additional
conveyer and storage bins to keep parboiled husk separate from
other waste streams. Research is needed to examine the logistics
and feasibility of husk distribution to the farm from the mill
(Miao et al., 2012). Before adoption by farmers, spreading and
incorporation techniques (e.g., with a manure spreader), timing,
and application rate should be tested. For example, prioritizing
husk allocations among fields would require an assessment of
soils most likely to benefit from their incorporation. Likely,
application in drill-seeded production systems should occur
either in the fall, prior to sowing in spring, or before the first
flush irrigation event at the latest (in Arkansas, at the 5-leaf stage).
Additionally, research from a life cycle perspective (Renouf et al.,
2018) could test the benefits of husk incorporation relative to
current, lower value uses of husks (Sun and Gong, 2001). These
other applications may include waste water treatment, using
its sorbent properties (Daifullah et al., 2003; Ahmaruzzaman
and Gupta, 2011), energy production (Pode, 2016), animal
bedding (Corrêa et al., 2009) or silica provision for nanomaterials
(Shen, 2017).

Producers may need decision support tools to guide
implementation of new management practices. Several farm-
level decision support tools have been developed to help
the farmers in this process (Renouf et al., 2018; Arulnathan
et al., 2020). One of these tools, Field Print Platform (https://
fieldtomarket.org/our-programs/fieldprint-platform/) offers rice
assessment for the two different growing areas in the USA
(California and the mid-south), and other tools such as Cool
Farm Tool offer a worldwide scope (Hillier et al., 2011).
While these tools evaluate the impact of management practices
such as intermittent flooding or residue incorporation on
GHG emissions or energy use, they do not offer metal(loid)
content and grain quality as metric outputs. They also do
not yet have an option to evaluate or guide selection of
husk application techniques. For example, soil tests could be
developed to determine which fields would most benefit from
husk amendment. Awide variety of soil tests have been developed
and tested in different regions, ranging from dilute extractions
such as 0.01M CaCl2 to weak acids such as 0.5M acetic acid
(Barbosa-Filho et al., 2001; Narayanaswamy and Prakash, 2010;
Klotzbücher et al., 2015). While some work has identified a
critical soil Si level in Louisiana (Paye et al., 2018), more work
will be needed to develop appropriate soil Si tests and critical
levels for rice grown in the mid-south under varying water
managements. Other tools can help guide water management via
depictions of redox conditions or soil arsenic levels (Evans et al.,
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2021; Huhmann et al., 2021). Improving management tools can
thus help farmers to evaluate practice adoption from a holistic
perspective that includes all necessary aspects such as potential
yield loss.

We suggest attention to the following implementation
questions: (Q1) How can mills and farmers be co-incentivized
to store and organize husk handling and co-implement husk
application and conservation irrigation? (Q2)What other systemic
changes to rice farming can provide guidance about how to
implement large-scale shifts in practice? For Q1, we encourage
a coordinated incentive program co-developed by public (e.g.,
by the Natural Resources Conservation Service), private (millers,
food companies, consumers), and market-based entities (e.g.,
carbon markets, water markets, health markets). External
support may be especially appropriate given the public and
societal benefits associated with decreased CH4 emissions and
grain As concentrations. This support can come in many forms:
public research funding, crop insurance programs, payments for
eco-system services, safety net programs, and expanded post-
secondary education should all be both increased and directed
to align with these outcomes (Miles et al., 2017; Yost et al.,
2019). In the proposed cultivation practice changes, there will
be farm budget savings from decreased irrigation pumping costs
and nutrient applications (Nalley et al., 2015) or during drought
periods when water availability is decreased, and a price premium
for rice grain could reflect marketing benefits of sustainability
and public health. Consumers could be incentivized to pay
this premium through a trusted sustainability-related food
label organized by the supply chain (Asioli et al., 2020);
farmers could be incentivized by either the public or private
sector to document practices if part of this premium were
returned to them in higher sales prices (Burbi et al., 2016;
Borsellino et al., 2020).

For Q2, example shifts in farming systems in the US
include the increase in use and distribution of on-farm grain
bins (Parker and Nalley, 2020) in Asia, the shift to the
System of Rice Intensification (SRI) may offer guidance on
implementation of a broad, systems-level change involving
farmers, agronomists, extension specialists, public funders, and
other actors (Satyanarayana et al., 2007). In both cases, we
note that successfully raising farm profit and harvest yields
helped incentivize producers to implement these shifts. In water
conservation, public investment, dialogue and knowledge co-
production with farmers, and incentive programs have also
induced increased adaptation of the multiple inlet irrigation
system, saving water and increasing control of irrigation
flows (Shew et al., 2021). Further, agricultural extension
specialists and farmer peer networks each have a role to
supporting changes in cultivation practices (Baumgart-Getz
et al., 2012; Leeuwis and Aarts, 2016), and neither may
be sufficient without deliberate and increased investment
(Magrini et al., 2018). Concerted, multi-actor planning is
needed to design innovation across the many types of
participants in this proposed change to the agro food system
(Meynard et al., 2017).

CONCLUDING THOUGHTS

The management change toward combined use of husk residue
application and water management to enable oxic soil conditions
over longer durations and extent may offer a more sustainable
rice production system than either individually. The intersection
of the proposed practices also creates new biogeochemical
research opportunities to test how the amendments affect the
redox potential in addition to the duration or intensity of a
flood or drying irrigation cycle. Further investigation of nutrient
co-management, effects of increased soil organic matter on
soil redox biogeochemistry, and the economics of milling and
farming should be integrated into a multi-sectoral systems
perspective. There are known and, as-of-yet, unknown challenges
to altering long-held agronomic practices. However, there is wide
interest in increasing sustainability in the food and agriculture
sectors from an economic systems perspective (Yu et al., 2012;
Clark and Tilman, 2017). Rice farmers need to participate in the
development of tools to help in water and residue management
than can adjust to different soil types, soil and root microbial
communities. An integrated systems approach with cooperation
between farmers, the mills, and researchers may enable more
effective practice change, thus increasing the sustainability of
rice production.
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